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Aggrtgatas, catalysts and catalytic btds, and Mthods 
and apparatusts for thtir production. 

Introductory Note 

5 The technology disclosed herein has appftic&tiaf) in a number of disciplines. For expository 

convenience, the specification was drafted to focus on aggregates for reinforced rtiuclural materials,, and 
methods and apparatuses for then* marwracture. But me technology finds important non~ structural 
utility in the fields of catalysis, fluid beds, Alters, fuel cells and die like, as by providing improved 
support/carrier component shapes for advanced reaction Hnffrr 

10 

PadttTOfflri of ftc invmioB 

The utility of many structural materials has been limited by, among other things, lack of 
strength, cracking and thermal expansion problems. Familiar examples are the fields of ceramic and 
clay materials, which have not generally been used for large scale structures due to lack of resistance to 
15 fracture under thermal stresses. 

The failure mode of ceramics is often de s c ri bed as micro-structural deformations or micro* 
cracks partially caused by a noo-bomogtmeous distribution of the particles and binders contained in the 
ceratnk materials, h has been found that cracks u t opagate along a path in the two <k~~~+'"—\ pine 
until me material ftfl* 
20 The prior art has sought to ameliorate ccrtsmof these structural drawbecfa 

reijifcrcemcnts selectively dispersed in a matrix. Platelets, fibers, whiskers, and minerals such as perms 
and calcined grogs, are some of many such reinforcements that have been employed in ceramics 
materials. However, prior art reinfo t ce ments nave been ill-suited for many large scale or otherwise 
demanding applications partly doe to only marginal mcrease in fracture toughness, m particular, the 
tendency of many ceramic materials to exhibit catastrophic fatigue failure has severely limited die 
utility of ceramics in most structural and refractory applications. Also, die properties of ceramic 
materials have been difficult to predict due to imperfections created during green formation and 
sintering of the ceramics. 

ajrrenrJy known aggregates employed in high refractory bodies are spherical, tabular, or of 
random geometry. The primary engineering consideration is the packing efficiency. In general, a 
graded approach is practiced, wherein closed fraction of u^ 

near theoretical density. For example, Alcoa evaporation recommends the use of tour dif fer e nt closed 
fractions of graded sacs in one of its commercial calcium sJuminate cement products. 

It is well known that smaller particles introduced and distributed in the interstices of packed 
larger particles reduce the porosity and pore size. The reverse is also one, where large particles added 
to finer particles displace fines and pores and reduce porosity. This model is called the Furnas model 
(C.C. Furnas, U.S. Bur. Mines Rep. mvst 2894 (1928)). When the large particles in a packing are in 
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contact, the theoretical maximum packing fraction PF^ for a mixture of coarse, medium, and fine 
particles may be described as: 

. Kw-PF t + (l -PFJPF. + d ^PFJ(1 -PFJPF,, 
where PF,, PF. and PF f are the packing meters of the coarse, medium, and fine particles, respectively. 

For example, McGeary experimentally achieved a packing density of 95% for a quaternary 
system of vibrated steel spheres of diameters US, 0.155, 0.028, and 0.004 cm. ()UC McGeary, J. Am. 
Ceram. Soc. 44 (I0\ 513-522 (1961)). 

DirigeraiKiFunk,hcA»rever 
distribution is preferred. They derived the following relationship: 



PJ«) - the cumulative traction finer than particles size a; 
o m the slope in cumulative particle size versus particle size distribution curve; 
a^ - the maximum particle size; and 
a^ is the minimum particle size. 

The packmg density may mcrease as 1/n and as the range of sizes increase, and the packing 
density may exceed 30%. It should be noted that the above coosiocratioos apply to particles which are 
spherical in shape and under ideal packing conditions. As well, it should be noted that under idealized 
spherical particle packing conditions, such as that achieved by McGeary (95%), the renaming 5% (the 
matrix space) is clnwacterizedby a rj^ 
passages between the coordination points of tto 

For example, the prior art has used point-to-point contact of particles of spherical and near 
25 spherical shapes to achieve better densities. Additionally, one can also establish line contact for rooV 
shaped partickB to hnpn^ Packing is enhanced further by usmg platetets, beca^ 

established surfrce^o-snr&ce contact However, in reality, when rod-like and platelet^lik^ puticles are 
used, bridging occurs, contributing to hindered packing. Even under ideal candhkmi «t»^ p^r^ c 
hindrance is not considered, a coiisequeiicec^osmg roo^ and platelet-like particles is the loss of 
isometric properties. Urn of isometrk rjropertieac^ 
from in-plane shear and tensile forces. 

The isoawtiic mopalies of a material using rod or platelet-shaped particles are usually lost 
becaiisethepartideshaw^ 

giving rise to layering and the consequent lots of these properties. 

Although surfoce-to-surtacc contact yields the highest packing densities, it must be 
accomplished uniformly m all dimensions to retain both maximum packing density and isotropy. 
Uniform surmce-to-surttec«it^ particles is very difficult to achieve. Uniform 

line-to-line and sur&ce-to-surface contact of rods and platelets is virtually impossible to achieve. 
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One reason to the cncking problems of many structural materials is that i 
hamogenization of the media being cast persists throughout the fabrication process. Subsequently, when 
materials bearing these homo g eneities (material gradients) are placed into service, applied and/or 
inherent (rabricaiion related), stresses localize at the sites of the inhomogeneities to cause stress 
5 gradients. When the total crack surface area energy requirement for that locale has reached its critical 
threshold, crack propagation ensues. 

As reported by Lawrence Nielsen in Mechanical Properties of Polymers and Composites, 
Marcel Dekker (1974), composite materials may be defined as materials made up of two or more 
components and consisting of two or more phases. Such materials must be divided into three general 

10 classes: I. Particuiate*filkd materials consisting of a continuous matrix phase and a discontinuous filler 
phase made up of discrete particles; 2. Fiber filler composites; and 3. Skeletal or interpenetrating 
network composites consisting of two continuous phases. Examples of this last class of materials 
include filled open-cell foams and sintered mats or meshes filled with some material 

Many commercial polymeric materials are composites, although they are not often considered 

IS as such. Examples include polyblends and ABS materials, foams, filled polyvinyl chloride formulations 
used in such applications as floor tile and wire coatings, filled rubbers, theimoaettmg resins containing a 
great variety of fillers, and glass fiber-filled plastics. There are many reasons for using composite 
materials rather than the simpler homogeneous polymers. Some of these reasons are: I. Increased 
stiffness, strength and dimensional stability; 2. Increased toughnfiis or impact strength; 3. Increased heat 

20 distortion temperature; 4. Increased mechanical damping; 5. R ed uc ed permeability to gaaes and liquids; 
6. Modified electrical properties; and 7. Reduced coat 

Not all of the above desirable features are found m any single comp o site . The advantages that 
composite materials have to offer must be balanced against their nwiteiirable properties, which include 
complex theological behavior and difficult fabrication techniques, as well as a reduction in some 

25 physical and mechanical properties. 

The properties of composite materials are determined by the p r op er ti e s of the components, by 
the shape of die filler phase, by the morphology of the system, and by the nature of the mternce 
between the phases. Thus, a great variety of uopciiies can be obtained with composites Just by 
alteration of the morphological or interface uiupciuea. An unpin tint property of the interface which 

30 can greatly affect inechankal behavior is the strength of tit* adhesive bond between die phases. 

Nevertheless, the tela teat ion of large stiuciuies luiicnlly rernainn out of the realm of 
possibility due to limfrirtiT in conventional ceramic processing technology in shape forming and 
consolidation of large bodies. The consolidation and sintering require uniform temperatures throughout 
the firing step which is exccediiu^ difficuh and this 

35 gradients. Mi u o strutt nral noannifocmity thus results leading to thermal shock damage as the vessel is 
placed m use. As will be seen, we believe that our technology provides an improvement in die area of 
composite formulation and aumufacture. 
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T advance the understanding of this technology, it is our belief that an abstract of certain 
novelties involved as applied to a specific and challenging application would be of help. 

With the above definition f a "composi te " in mind, consider a one-piece vessel for the long 
term (100,0004- years) storage of radioactive or otherwise hazardous waste. 
5 Practically speaking, the vessel would have to be large and capable of holding one or more 

kibliters of material. The state of the art m this field comprises short term solutions at best, involving 
stainless steel, remfbrced concrete, or polymeric composite vessels. 

The goal is a vessel targe enough to be practical, and engineered in such a way as to ensure its 
long term integrity. Specific material selection would follow exhaustive analysts. It a our belief mat 
10 alumina, being plentiful, relatively inexpensive, non-absorptive, and highly resistant to damage ftom 
radiation is a likely candidate for such analysis. 

It is believed that the vessel could be mannf ac ni red in the following fashion: 

1. Finite element analysts would be employed to determine the exact size and dimensions of 
the vessel 

15 Z Once decisions concerning geometry and dimensions have been made, body-specific 

concerns, such as aggregate dhnensions, matrix/aggregate and Inte rp hase constituent chemistry, and 
degree of reticulation, might be addressed. Here it is believed that, where a vessel wail thickness 
dimension of 10-20 cm b cctuidered, an aggregate of approximately 0.10 to 1.00 cm (as measured by 
its longest dimension), would be appr op riate. When the reticulation property of the otaonfactirred 

20 ft ggr gf* fa utilized jp » vmh uw^ n*g"rir»-pOT hetwcm the aggregate! will form the matrix. 
The material fim f ft -** m this space is herein referred to as 'matrix level reinforcement*. It should be 
realized that at high levels of aggregate teutfuitement, Lc, greater than 75%, this matrix phase itself 
will be distinctly reticulata. 

Matrix mstrriil fnn4i'fr t *« mt * **hihft high modulus of rupture, low thermal expansion 

25 coefficients and substantial resistance to thermal shock. Some candidates in mis area of matrix material 
are crmentraous materials, alumina, mullite, the borosilkates, and lithium ahunina silicate. 

3. The aggregamcantheubeinafm Here it is 

beu eved that the prinripeJretf 

fraction (more or lessX would leave a matrix phase of approxmiately .001 to 3 cm m thickness 
30 dimension. It is believed that this matrix phase (m the interest of achieving superior fracture resistance 
in the vessel) can itself be composed of a matrix and a reinfbrcemem phase. Matrix level 
remforcements would then be approximately 10 to 50 pm. Once nanophase production technology for 
thftftafjrfrgam rf^ i^^daiiriop^ 
carried to at least another level. 
35 4. Casth« of the green stiucmre 

skilled m the art Considering die vessel's large size and dem a nding end use, however, alternative 
approaches to the known methodology might be conskkred. Uniformity in wall thickness and 
reticulation of reinforcement phase(s) is considered critically important One method for achieving this 
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uwfonnrty might involve a bi-axial centrifugal casting approach wherein the mold, titer having been 
charged with a controlled amount of matrix/aggregate, would then be rotated about two perpendicularly 
opposed axes. Mechanical, acoustic and/or ultrasonic energy would then be employed to facilitate an 
even wall thickness and reticulation of the reinforcement phase(s). 
5 5. Waste loading, inspection, and/or mmutoring ports (if not provided for in me mold design), 

may be accommodated at this point Waiting until the casting has gone through a debindering and/or 
calcining phase before undertaking this effort may be advisable, however. Indeed, it may prove 
advisable to wait until after the vessel has been fully densified before -—MTiTrrg the necessary fittings. 

6. It is believed that full densiftcation (smtering) of the strocture might follow conventional 
10 ruraacmg methodology. However, given the vessel** extimordinary size, maintenance of uniform heat 
dispersion with conventional methodology might be difficult, if not impossible. An alternative to the 
known art might follow a novel directed laser, plasma, and/or microwave smtering approach 

Pure alumina does not respond well to microwave radiation. Dopants, in the form of pens-per- 
million concentrations c^certam metallic elements, have been used to accomplish a coupling effect It 
15 is believed that where hflgnaiHcmtft and IMimm ahwilw *n±mtm m.trU r^-ih.^t, m r^iA^j as, 
coupling might be achieved. It mast be remembered that the r e info r cem ent phase(s) (as ^^HH 
herein) have already been rintered as part of the aggregate production process, and need only be 
mterphased with (sintered to) the matrix comtrtuents to achieve full demificatioa of die vesseL 

TTierefore, a task of this inagnitude requires a reinforcement which improves, among other 
20 thmgs, me rracture resistance of stnictural materiaJs, such methods for 

making the same. As well, the unique shapes of these system compu ue iila (in the present case 
remforcementsX will require advanced methods of consolidation of these components into composite 
systems. 

One aspect of the present technology b aggicgaics having mApa rtw ^i in ^. n L»««i «K«p~ 
25 which are theoretically capable of packing to near 100% density without any void volume and using 
only one size fraction. ThU high level of packmg efTO 

of die novel shapes in a three ftinvn iii a ia fly reticulate matrix. The reiufmictucBti disclosed herein 
exhibit uniqueness of shape which lead to the ability to reticulate in all dimensions. Therefore, 
previous considerations of packing spherical particles m various confignrations are not generally 

30 applicable. The swlhc^^ 

forms will result m an interactive and mutually supportive relationship between the discrete exponents 
thereby improving upon the poim-to-point and iine-to-line based coordination of conventional 
remfbrcement geometries. 

m accordance wim anjother aspect individual aggregates of predetermined 

35 composition, size, density, and/or porosity may be employed in fluid bed systems or fuel cells where 
architectural soundness of component geometry and exposed surface area of component geometry are 
prime considerations. Example applications in this field include, but are not limited to, fluid bed 
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components in coal combustion systems as well as components in engineering systems that use 
catalysts. 

In accordance with another aspect of the present technology, a structural matrix is formed 
using aggregates of a consistent, predetermined, reticulate form. One example of such an aggregate is 

5 designated a Tetrajack, which may be de sc ribed as a base tetrahedron (the base) with coincident 
tetrahedra joining its four faces. Another example of such an aggregate is the Tetratwin. The 
Tetratwm may be described as a class of shapes based upon a pair of twin tetrahedra joined 
coiiKidentaUy on a single face. Still another reticulate form, the Starjack, has the shape of six obelisks 
extending from the six tees of a base cube. Yet another form is the Reticulon, which has die shape of 

0 two diametrically opposed* truncated obelisks mounted on the two opposing mces of an octagonal base 
column. Five-sided pyramids of equal size and proportion are mounted on the distal ends of the 
truncated obelisks as well as those alternating aces of use octagonal base column which coincide with 
the faces of the obelisks. 

In accordance with another aspect of the present technology, a reticulate fatigue resistant 

5 matrix material is formed exhibiting only niinimal crack propagation thereby avoiding catastrophic 
brittle failure. 

In accordance with yet another aspect of mis technology, a reticulate matrix is mimed using 
precursor aggregate of the claimed shapes* The precursor aggregate are then ignited (ashed), dissolved 
or otherwise renwved, leaving voids now defined by the geometry of the reticulated preuirsor*. Such a 
0 body would find application (for example), in the refractory field as thermal insulation where 
dimension a l stability, controlled porosity, and rrsistamc to thermal shock are p rer wnjiiitM Such 
reticulated matrix structures with controlled void size, nhepft, and distribution can also be used as filters 
and chemical reaction beds 

In accordance with another aspect of this technology, precursor aggregate may be reticulated to 
S a predetermined dispersion, then re placed or transformed in a variety of ways (chemical vapor 
deposition, etc.) to yield a composite body hciOufme uuoctainable. 

In accordance with yet another aspec t of this technology, f ulruucd forms femfbrced with 
aggregates of geometries herem disclosed may be formed^ It is believed that an aggregate of three* 
dimensionally reticulate geometry (herein disclosed as die TetratwinX which his a long axis 
9 approximately twice the length of its width, may be of particular advantage here, in act, the nature of 
the extrusion process lends itself admirably to the reticulation or alignment of the reinforcements with 
or without the application of additional energy at or near the point of extrusion. 

In accordance with still another aspect of the technology, a matrix employing reticulated 
aggregate forma is cast and sintered to serve as a containment vessel, such as may be suitable for the 
5 long term containment of toxic or nuclear waste. 

In accordance with another aspect of the technology, the above containment vessel may be 
constructed in the form of a reticulate aggregate and disposed in a containment storage field m a 
reticulate fashion, thereby optimizing die storage capacity of die overall field and protecting h from 
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dystrophic seismic aimvity-related damage. The engineered degree of reticuiatiaa (dispersion) would 
follow substantial site review and finite element analysis of the proposed containment geometry. The 
distance of dispersion (degree of reticulationMatrix space) would then be filled with a filler, such as 
ordinary sand, to cushion and Anther stabilize the reticulated containment forms. 

The resulting vessel (example compositions might be aJumma/aluraina, miillhe/aluraina, 
borasilicatt glass/alumina) is also highly resistant to thermal shock i.e., the structure's thermal 
coefficient of expuuion does not jeopardize the vessel's integrity, even over wide temperature ranges. 
High thermal shock resistance is desirable when the vessel is subjected to rapid dianges m temt«mture 
such as hot or cold naiioactive waste materials. Also, the vessel's integrity is not jeopardized by 
uneven heat loaning, such as might be experienced if "hot" elements were to precipitate and distribute 
themselves unevenly in the vessel 

In accordance with yet another aspect of the technology, a mold surface permitting the 
aggregate to be maiiufacturedm sheet-like <» -fabric" form wherein individual aggregate are joined 
each to the other by consistent flash* elements is disclosed. 

In yet another aspect of this technology, admtional vibnrtional energy (from mechanical, 
utoasoiuc, mienrwave « «her « 

surfaces to the material being cast or press formed. This amalgam of potential vibrational candidates 
may be used singly or in combirumons thereof. A continuous production process wherein green 
aggregates are press tanned and then passed direcdy into a microwave sintering environment is 
20 envisioned. 



to yet ar«a» aapee* of tins taclmo 
reticniate matrix where the matrix itself b composed of aggregate of rericnltte geometry. Misbelieved 
theoretically possible to employ reticulate aggmyu^ua^^ 
closed fractions from less than several lamometen tn -m. tK«. <~i— 
25 ta yet anolhcr aspect of n^tedaoJe^ 

employing a variety of conventional fabrication systems such as: hot isostatic pressing, cold isostadc 
presamg, ij«ectiOT iiwldm^ fti| 
believed tnat a tjwryresiWngfrcm 
material strength and fracture «"" g * Tf 
The forego^ 

readily apparent from the fblkming detailed description, which proceeds with reference to the 
accompanying i 



Brief Descriptk^ 
Fig. 1 3ACtom aggregated 

Fig. 2 shows an aggregate form acceding to a second embodiment of the present technology. 
Figs, 3A-3F show views of an aggregate form according to a third embodimem of the present 
technology. 
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Fig. 4 shows an amy of the aggregates of Fig. Illustrating one manner of their redaction. 
Fi». 5 shows an array of the aggregates of Fig. 2, illustrating one manner of their reticulation. 
Fig. 6 shows a two^ensional array of the aggregates of Fig. 2. 
Fig. 7 shows a flow chart fflustr^ 
5 Fig. 8 shows a schematic Ulustratios of one maimer of making the aggregates. 

Fig. 9 shows a cross^ectumal view of an apparatus acconu^^ 

present technology. 

Fig. 10 shows a top view of the embodiment along line 10-10 of Fig, 9. 
Figs. UA-C show cofTespooding bottom views of a fabric according the present technology. 
10 Figs. 12A-C show top views of the fcbric of Figs. UA-C. 

Fig. 13 shows a side view along line 13-13 of Fig. 12C. 
Fig. 14 shows a perspective view of the fabric of Fig. 12. 
Fig. I5sbowsaperspectrvevicwo 

Fig. 16 shows a flow chart illustrating one maimer of inakiiig me aggregates 

15 technology. 

Fig. 17 shows a sib* view of an attentat 

technology. 

Fig. 18 show a top view of the apparatus of Fig. 17. 
Fig. 19 shows a flow chart illustrate 
Fig. 20 shows an enlarged view of the apparatus of Fig. 17. 
Fig. 21 shows mahBflMtrveembodmwm of m 

Fig. 22 shows an alternative embodiment of an apparatus of the present technology. 
Fig. 23 shows a view of an atenatt v* embwtoitent of an apparattis 
Fig. 24 shows a top view of the apparatus of Fig, 23 akng line 24-24. 
Figs. 25-28 are perspective and end vu^ showmg produ^ 
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THe present technology is directed mter alia, to to des^ 
of novel shapes either by themselves or in pluralities as architecturally sound objects or as 
ftmfcTcement candi d ate* m composites. 

the ijujliii technology is directed to unique aggregates as remfdrccmeuts for composite 
mt^nalf ft is believed that when theae new classes of aggregates are Aspersed 
uniform* in a matrix (retail to 

resistance characteristics tot w materials. Equally important to 

certain aspects of this technology is the capacity to produce large volumes of um?oniUy-sized aggregate 
wim superior honiogeneh^ of com 
ultrasound). 
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Referring to Fig. 1, an aggregate or Tetrajack 10 according to one embodiment of the present 
technology has the shape of a equilateral tetrahedron (the "base" tetrahedron) to which four additional 
tetrahedra 12, 14, 16, 18 have been bonded, one on each of the four faces of the base tetrahedron. In 
practice, such an aggregate is desirably formed as an integral structure, the foregoing reference to 
5 bonding being an expository expedient. 

Fig. 2 shows an alternative aggregate or a Starjack 20. This shape is characterized by a base 
cube, from which six four-sided arms 21, 22, 23, 24, 25, 26 extend The arms may each have the 
shape of an obelisk. 

Figs. 3 A*F show various views of yet another alternative a gg re ga te or Tetratwin 30 which may 

10 consist of a class of shapes based upon a pair of twin tetrahedra wherein one of the twin tetrahedra is 
joined faceHo-face by another twm tetnheo^ identical proportions and dimensions. In other words, 
the Tetratwin 30 is characterized by four four-sided pyramids wherein each pyramid has at least one 
side coinciding with another pyramid. More particularly, each pyramid has a base plane and three side 
planes. A first pair of pyramids is joined together by bonding the base plane of a first upper pyramid 

15 to the base plane of a first lower pyramid. Similarly, a second pair of pyramids U jomed together by 
bonding the base plane of a second upper pyramid to the base plane of a second lower pyramid. One 
side plane of the first lower pyramids is bonded to one side plane of the second upper pyramid to form 
Tetratwin 30. Similar to the Tetrajack 10, the Tetratwin 30 pre f er ab ly is constructed as an integral 
component without relying on bonding parts thereof together. Tetratwin 30 includes ten sides each 

20 labeled from 1-10. Due to the difficulty of iUostiatjng this embodiment on a two-dimensional sheet, 
top, front, bottom, back and side views of the Tetratwin are shown. 

Fig. 4 shows Tetrajack 10 nested with other Tetrajacks 10a, 10b. Similarly, Figs. 5 and 6 
illustrate Starjack 20 nested with Starjacks 20a, 206, and 20c in an array and m two dhnrnnnni former 
including Staijacks20o; 20e, 20f and 20g. 

25 Figs. 25-21 show various views and possible geo m cU i es for yet another alternative class of 

aggregate, termed a Reticuton 41. Such shapes may include two truncated obelisks mounted on the two 
opposing races of an octagonal column, with five-sided pyramids of equal size and proportion mounted 
on the distal ends of the truncated obelisks as well as on the alternative faces of the octagonal base 
which coincide with the races of the truncated cotamns. By bevelling different of the edges, different 

30 packing densities can be obtained. The ReticoJon 41A Ohistrated by Figs. 25A, 25B b characterized by 
a 100% packing density (Le. zero matrix). Reticulons 41B-D have packing densities between 95% and 
98%. An exemplary Reticulon 41 has 2$ races. 

Similar to the Tetrajack 10, and the Tetratwin 30, die Reticulon 41 is constructed as an integral 
component without retying on bonding parts thereof together. 

35 It is believed that packing densities achievable using the foregoing shapes are better than prior 

art particles of equivalent size. Theoretical packing density for the Tetratwin and Tetrajacks are each 
93% volume fraction. Packing densities of 85% up to 100% can bo achieved with members of the 
Reticulon class of shapes, should the application demand it 
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The aggregates can be made of a variety of materials including bat not limited to clays, 
ceramics, polymers, glass, and metal, metallic solid solutions, femtes, intennetaJlic compounds, glass- 
ceramics, carbon and graphites, mica, organic resin compounds, cements, cemeiuitous materials, and 
composites thereof. The illustrated embodiments of the aggregates are made of alumina ceramics and 
5 organic porymen. 

Clays are generally characterized by a predominance of hydrated silicates of aluminum, inn, or 
magnesium (both crystalline and amorphous), but may include many other components. The selection 
of a particular clay for a given application can be accomplished by one of ordinary skill in the art 
without undue experimentation. For further reading oh the suitability of different clays for different 
10 applications, the reader is referred to the classic r cfci tn ce work Grim, R.E., Clay Mimra/ogy, 2d 

Edition, McGrsw Hill International Earth A Planetary Science Series, N.Y. 1968, ISBN: 0-317-2*217- 
4, which is presently in print Although these aggregates can be more economically manuractuied by 
the pro ce sses mentioned herein, it is conceivable that these shapes can be machined into shape 
individually by using currently known machining technology. Prior art has included reinforcing 
15 ceramic and cement-based refractories with steel wires and needles. However, improvements in loading 
efficiency and consequent improvements in material properties and performance can be realized by 
using such metallic materials m the Reoculon, Tetrajack, Starjack, and Tetratwm aggregate shapes 
which have thicc -dimensional reticulation inherent to their nature. 

Other material candidates for hard, tough, and high temperature resistant aggregate include but 
are net I united to, oxides, such as aluminum oxide, zirconium fwride^ mignfiium wride. chromium 
oxide, zinc oxide, ferrites, spinels and others. Many of the metal •nrn»M« sol-gel and solution 
precipitation and co-ptecipmttion methods can be used, which would involve having a i«gig— frg seed 
crystal of die specific shape described herein. 

Carbides of tungsten, silicon, aluminum, boron, titanium, vanadium, hafitlum, niobium, 
tantalum, chromium, molybdenum, and zirconium are all excellent candidates for the manufacture of 
aggregates depending upon tl» apiwcatiea and end-use. Many of these are oxidation resistant at 
elevated temperatures while others are not. 

Bondes of alummum, i h a n iu m, zirconium, hftAfclum, vanadium, niobium, chromium, 
molybdenum are other choice candid a trt for the manufacture of aggregates can be used d"p-"*fag upon 
the application and end-use. Many of these materials offer excellent oxidation r e sistanc e at elevated 
temperatures while some of mem do not. 

Additionally, filicides of thanhim, zirconium, hafnium, vanadium, niobium, tantalum, 
chromium, molybdenum, and tDngsten are also eminectfy suitable as aggregates depending upon the 
application and end-use. Many of these materiab provide excellent reristance to oxidation at elevated 
temperatures while some of diem do not 

Additionally, these 3^ptncnsionalry reticulate components and/or matrices may be 
manufactured of ferro-electric or piezo-electric materials such as lead zirconium tftaoate. 
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A wide variety of matrices can be used together with the aggregate, including, but not limited 
to, metals, metallic solid solutions, iatermetallic compounds, ceramics, glasses, carbon and graphites, 
mica, plastics and other organic resin compounds, cements, cementitious materials, and composites 
thereof. 

5 In the field of high-temperature thermoplastic matrix choices, h b believed that benefits can be 

obtained by employing the principles of our technology. Possibilities include, but are not limited to: 
liquid crystal polymers (LCPs) with high chemical, radiation, weathering, and bum resistance, as well 
as heat deflection properties; poryamide-imide (PAI), resistant to solvents with good wear and friction 
resistance; potyarylate, which is tough, flame retardant, and resistant to ultraviolet light as well as 

10 dtmensiooally stable; polybenztmidazole with good comp re ssi on strength and dimensional stability; 
polyetherimide (PEI) with chemical mud creep resistance; porycthcrsulfbne (PCS) with good hydrorytic 
stability, chemical resistance, and beat deflection properties; polyimide (PfX excellent toughness, heat 
deflection, and chemical properties; poryketones, chemically resistant, strong and stiff; polynhenyfene 
ether (PPE); porypbeneryne sulphide (PPSfc poryphenylsulibne; porypbthalimide (PPAX porysuifbne 

15 (PS);|>oryetherfce«nne(PEK^ 

Preferably, all of the foregoing shapes have reticulate properties, La*, the ability to form a 
network of coopcratmg like elements. As shown by Figs. 4-6, this property permits the aggregates to 
be arranged m a nesting configuration, wherein aces of one aggregate are disposed adjacent faces of 
neighboring aggregates in a regular array. Thre»4imensional arrays can also be constructed, but are 

20 more difficult to clearly Illustrate. 

In the case of many of the illustrated shapes, isotropy is maintained throughout the reticulation 

regime. 

In the case of the Starjack (Le. ordered arrays of the StarjackX isotropy is lost and a layering 
phenomenon occurs that is lemarkabty similar to the inter-lattice level bonding characteristics of classic 

25 atomic structure. 

It is presently believed that this phenomenon can be advantageous m application fields such as 
superconductivity and data storage, 

As discussed m detail below, in most, but not all cases, it is desirable that the aggregates not 
be packed into a "zero matrix," Le., one wherein there are no gaps b etween the aggregates, tee 
30 manner in which mis can be achieved is m the design of the aggregate shape. For example, the six 
arms in the Fig. 2 aggregate are tapered, producing obelisk shapes. This taper prevents the arrangement 
of these aggregates mto a zero matrix. (Indeed, the tapered shape permits this aggregate to be arrayed 
in a curved chain whose mi eolation permita degrees of freedom reflected as arbitrary flexibility.) 

One aspect of the present technology wiurespett to the rem 
35 reticulation, m other wordv the aggregate can in precise fashion in 

three dimensions. 

Reticulation in a matrix/aggregate system often manifests itself as a web-like, network interface 
resulting from the more or less unifbrm nesting of the aggregate (leinfbrcement) components. 
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True, three-dimensional reticulation U often characterized by a particle to particle interface that 
is substantially parallel to the coordination planes of the discrete elements. 

We believe the Starjeck, Tetratwin, Tetrajack, and Reticuton icp i esem novel classes of 
aggregate shapes with reticulate geometries marked by, for example: 
5 (1) The ability of same-class components of equivalent volume to nest uniformly; 

(2) Improved ardutectoral properties of the nesting pattern itself (reticulate matrix), which 
may be varied in its thickness dimension in accordance with application demands; 

(3) Plane-based coc#uuiation oorxxiunnies for aggregate that are an improvement on the point- 
to-point-based coordination of spherical and random shapes or the line-to-iine-based coordination of 

10 fibrous reinforcements; 

(4) Substantially increased potential for crack path tortuosity; and 

(5) The theoretical possibility that in the case of the Reticulon, a zero matrix composite body 
may be achieved. 

In order to achieve maximum benefit of die aggregate reticulation, the a ggr e gat e should be 

15 packed densely enough that they nest somewhat with each other, at least on a localized basis. Many of 
the structural advantages associated with reticulation increase with pat king density. However, if the 
aggregate is of a shape that Is susceptible to zero matrix packing, and the system is not designed for 
zero matrix, care must be taken that at least some matrix remains between adjacent aggregate pieces, 
else the structure may be suscep ti ble to a large scale bonding failure. In just one illustrative 

20 embodiment, the aggregate comprises about $0 percent, by volume, of the composition. As is apparent, 
the aggregate may comprise more or less than 70-90 p ercen t of the composition volume 

In some cases, stnictural and/or other benefits may be obtained by employing controlled 
volume fractions of the claimed reinforcements well below the high loading fractions called fur in 
conventional systems. An example of such benefit might incl u de aggregate of the claimed reticulate 

25 geometry intended for use in catalysis (chemical comminution, conversion, or filter support) where the 
advanced porosity (i a, the available surface area for chemical reaction) and structural integrity of 
individual components are of substantial concern. In other words, die individual system components in 
such an environment must be architecturally sound as well as porous to achieve maximum benefit. 
These individual wwiw ai rrus of reticulate geometry may themselves be composed of controlled volume 

30 fractions of rei nforcem ents of reticulate geometry. 

It is possible to fabricate system components of reticulate geometry such as that claimed herein 
using zeolites or much smaller aggregate of reticulate g eo m etry - some or all of which are designed to 
be ashed, dissolved or otherwise removed to obtain a Uglily porous ceramic, metallic, or polymeric 
matrix behind. Such a structure could be load bearing, as well as offering the substantial 

35 porosiry/surface area desired in many applications. In such systems porosities (void fraction within the 
component or particle) of between 40H and 95% may be obtained while mamtaining the stnictural 
integrity requirement of components. Naturally, this same app i oach can be employed with larger 
aggregates as well* 
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To reduce the incidence of stress risen and further enhance the architectural properties of the 
disclosed aggregate, in some circumstances it can prove advisable to radius the edges of the aggregate 
appendages and fillet the corners where those appendages meet the base planes of said aggregate. 
These techniques are well known to those skilled in the art. Once again, the appropriate degrees of 
5 radius and fillet are application dependent 

It is believed that packing densities achievable using the above two different aggregate types 
are better than heretofore practiced art for particles of equivalent size. Theoretical packing density for 
the both above two aggregate types is 93% volume fraction. We expect that near 100 % packing 
density may be achieved with the Reticulon may be obtained should the application demand it 
10 One threshold of packing density for the Starjack may occur when the Starjack is spaced 

closely enough that an imaginary plane cannot be positioned between two adjacent aggregates without 
intersecting each of said aggregates at more than a single point Reticulation, in the case of the 
Reticulon, Tetrajack, or Tetratwtn, may be said to begin when: 

1. An imaginary plane co ns tr ucte d between any two edges of any two wpprndagrs of a single 
15 element is penetrated by any aspect or appendage of another like element; and 

2. An imaginary line constructed be twee n any two points of any two appendages of a single 
element is broken or intersected by any aspect or appendage of another like element 



As an example of conventional packing of regular monospheres within specific geometrical 
arrangement or configurations, the following table applies: 



Configuration 


CWdiaattoa Nwmber 


Paittag Density (%) 


Cubic 


6 


52.4 


OiUjJthombic 


8 


60S 


Tetragonal 


10 


69.8 


TetrahedraJ 


12 


74.0 


Pyramidal 


12 


74.0 



In determining the shape of the best aggregate, several corjsfderations apply. One 
critical aspect relates to the available surface area per unit volume of the aggregate. A Urge 
surface area-to-vomme ratio is often desirable tor high packing efficiency and effective 

30 reinforcemeftt properties of the aggregates when used to reinforce matrix composite 
materials. It is believed that; when compared to conventional reinforcements such as 
spheres, random particles, platelets and whiskers, fewer aggregates of the present technology 
will be required to achieve an equivalent volume fraction of reinforcement mother words, 
the aggregates of the present technology are more efficient in terms of the space they can 

35 occupy than the above conventional reinforcement (aggregate) shapes. 
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Another consideration for usefulness of en aggregate is its srcaitectml soundness. 
For example, even though objects such as flakes and irregular particles may have very high 
surface area-to- volume ratio, they are not architecturally sound objects. Le., they nave 
reduced capacity to support load The aggregates of the present technology, on the other 
S hand, exhibit superior architectural soundness in addition to their high surface-to- volume 
ratios and reticulate properties. 

The nature of the aggregate remforcement and its available surface area to its 
volume is, in many applications, believed to be an important factor. This surface area b 
then available for inter-phase reactions whether they are chemical, mec h a ni cal, electrical or 
10 combinations of same. Generally, the larger the surface area in components of 

architecturally sound, reticulate geometry , the larger the benefits of the rein for cem ent. 

Indeed, it has been the industry practice to load as high a fraction of reinf orce m ent 
as possible. Consequently, the attainable volume fraction of remforcement is limited only 
by geometric packing considerations of the aggregates and related composite fabrication 
15 issues. It is believed that, taken as a whole, our technology addresses both of these areas of 
concern. 

We believe that the shape of the aggregates s*oiigty 
facilftatrvc mode to encourage their full reticulation. As such, it is believed that the 
novelties herein diyk^yd though various in their nature, rep r esen t but appendages to a 

20 single work of art. 

m the past, combinations of short fibers and spheres have been analyzed from the 
principles of micropneking. (See for instance: J.V. Mikwski, The Combined Backing of 
Rods and Spheres m Remfbrciag Plastics*, Ind. Eng. Prod. Res. Dev., Vol 17 No 4, P*d3 
(1978)). The critical variables include the size diameter ratio of the fiber to the sphere and 

25 how this ratio changes with the fiber L/D (length to diameter) ratio. 

m some applications, short whiskers are preferred since too high an aspect ratio 
(too long) results m bailing and clumping that ofTer problems in efficient packing. It is 
known that for aspect ratM and 40, the texture of the fibers changes, a^ 

bundling and crumping develop, The eflect is readiry apparent wh« 

30 This hindered packing results in higher void volume. Similarly, loading levels of short 
fibers greater than 60% volume friction result in greater difficulty in rtianiifacturing. 

With the special aggregate shapes which are described herein^ ^ 
obtain extremely high reinf or cem ent loading without packing hindrance. As mentioned 
above, in the case of the Reticule*, it is theoretically possible to have "zero matrix," 

35 wherein the entire body consists only of these packed a ggregate s, with zero void volume. 
This high degree of variability in dispersion (reticulation from greater than 100% to less 
than 100% Vj) with such an embodiment presents the user with improved high strength and 
highly fracture resistant engineering structures, mechanical devices, piezo-, ferro-electric 
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materials, catalytic system components* fuel cells, automotive components, refractory and 
construction materials, nuclear, chemical and other waste management containment 
structures. Because of the novel and h er e tofo re unobtainable microstructural and 
reinforcement architecture, high strength and flexure resistant thin structures are now 
5 possible, resulting in savings of weight, which is a significant consideration for many 
applications such as automotive and aerospace applications. 

For example, the following schematic illustrates the relative surface area per unit 
volume for different geometric shapes such as the Tetrajack, Starjack, Tetratwm, a cube, 
and a sphere. To make a comparison between the various shapes uniform, the Tetrajack has 

10 a base length of 0.125 unit length; the cube has a side of 0.125 unit length; the sphere has a 
diameter of 0. 125 unit length; and the Starjack, whose proportion! illustratively follow those 
portrayed in Fig. 2, has a base cube side length of 1.00. As will be seen, the surface area* 
to-vohxme of the Tetrajack is considerably higher than the other reinforcement shapes. 

The following table casts the mfennatkm presented above in a different way which 

15 is more useful, since direct co mpa riso ns can be made with well-researched spherical 

aggregates. The percentage gain in surface area for an equivalent volume is superior in the 
case of the novel aggregates presented here. For example, die Tetrajack gives 77.39% more 
surface area for both reinforcement as well as fracture crack propagation aspects than the 
equivalent volume fraction of the sphere; the Starjack 39.75% more and the Tetratwm 

20 33.05% more man equivalent spheres. 

Tables Equivalent surface-te-*oruaM for various aggregate shapes 

Surface to Volume 



Aggregate Shape. Ratio to Sphere 
Tetrajack 1.77394 
25 Starjack 1.39746 

Tetratwm U3046 
Cube 1.24070 
Sphere 1.00000 



30 The size and proportions of the aggregate pieces are highly application d rpeiufcut 

It is thought that for a containment vessel with a wail thickness of about ten centimeters, 
aggregates having maximum dimensions on the order of 0.10 to 2.5 centimeters may be 
suitable. Of course, larger or smaller aggregates can be used, according to application 
dependent considerations. Urns, aggregates according to the present technology can have a 
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wide range of maximum dimensions, such as approximately SO nanometers to 20 
centimeters or more. 

In the case f a refractory concrete application where the industry standard size 
ranges from approximately 5 millimeters to 600 microns, an exemplary aggregate of the 
5 novel geometry such as is described in this disclosure (the Tetrajackfbr instance) might be 
3 millimeters (as measured by its longest dimension). 

In special case applications, very large aggregate (up to several meters as measured 
by their longest dimension) may be constructed. One such example of a very large 
aggregate might be a hazardous waste containment vessel (itself constructed of material 
10 reinforced with components of 3-dimensionaJry reticulate design). The vessel's interactive 
and reticulate geometry would lend itself to dense packing within a storage field. A 
calculated void space (matrix) could then be filled with a medium such as sand and/or tar or 
some other long-lasting, replaceable polymeric material. It is believed that the resulting 
array would optimize the storage opportunity in the containment field as well as exhibit 
15 superior resistance to cataclysmic seta 

In concrete and advanced refractory applications, the sizes of the aggregates may 

range from 2 tO 5 mm. ^han tasmA am. a rgmfinrr^m^iit far m»f»Lm«rhf ^"^p^f j^*f tht 

aggregate size can vary between 50 and 1000 micrometers, Itolymer-fiuttTix e^ wpfttrtw can 
utilize these special ceramic re inf or cem ents in similar size ranges. In fine 'Trim in and 

20 ceramic matrix application, the rcmfoccment size can be between 5 and 100 microns. 

Typically, the size of the reinforcement can vary between one-half of die average grain size 
of the matrix material and 5 or even 10 times the average grain size of the matrix material. 
As is apparent, the size of the aggregates is highly application 'if™*— and a wide variety 
of sizes may be used. 

25 The relative percentage of aggregate to 

However, it is thought that suitable material for a refractory concrete structure may, for 
example, contain about 85% a gg re gate , by weight, and 15H matrix material. The relative 
percentage of aggregate to matrix may change a c c or din g to the application of the 
composition material 

30 When co mpar ed to the sphere, which is the idealized conventional standard, the 

available surface area per unit volume of the aggregates of the present technology is very 
high. Tterefbre, to achieve the same ex 

of a lower percentage of the novel aggregates is necessary. It appears, from theoretical 
considerations, that less dan one-half die amount of aggregate conventionalry used would 
35 be sufficient to obtain the same properties when these novel a gg regate s are employed. 

As was considered above, using the Tetrajack, we can obtain a 7739% gain in 
surface area over an equivalent particle of spherical aggregate. In packed systems, particles 
of reticulate geometry will deliver better dun 200% more geometric surface area than 
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sphcre-based systems. Therefore, when using these novel aggregate shapes, equivalent 
degrees of material properties may be expected by using approximately half the number f 
novel aggregate as compared to the numbers required for conventional spherical inclusions. 
Realizing that much higher packing densities can be obtained with these aggregates* the 
5 properties gained must be extraordinary when these aggregates are used in various matrices. 

As noted, the aggregates tend to order themselves in a reticulated array when 
subjected to external forces. This ordering is relied on when fluid aggregate/matrix is 
pumped into a mold then subjected to pressure and sustained vibration. The optimum 
frequency, amplitude and/or modes of vibration and pressure/dwell parameters are 
10 application dependent 

However, it is sometimes desirable to array the aggregate in a deliberate msbion, 
without reliance on random processes. The present technology facilitates this by permitting 
aggregate to be inserted in a form in a predefined way, and thereafter be flooded*pumped or 
vacuum cast with matrix material to fill the Interstices of the earlier-arranged aggregate. By 
1 5 this technique, special ofderings of the aggregate can be achieved to tailor the properties of 
the structure as required The ordering of the aggregates may be conducted in one, two or 
three-dimensional arrays, as Uhistrsted in, for example, Figs. 4-6. 

It is believed that at least the Tetrajackand Tetratwin will reticulate during the 
c as tin g procedure when subjected to application dependent degrees of pressure and 
20 vibration. Once again, it is impoitant to bear in mind that apphcation dependency will 
dictate pressure* vibration, and/or vibration sequence parameters for aggregate 
ccnsoUdatkaVdispersion (reticulation) within the matrix. 

The Starjack, depending upon the application d eprjuknl proportions thereof; may 
require a pre-crdering phase before the man 4k infusion step (casting). However, the 
25 StaiHbck may be used without pro-order inai before subjecting the aggregates to the matrix 
material. Ejipeiuuciitalion with this class of iliaurn has demonstrated that: 

(1) When the side l e ngth of the base cube is less than the side length of die 
obelisk projecting from it, mil reticulation without a pre-ordering step is lundered. 

(2) When the side length of the base cube is substantially equal to the side length 
30 of the obelisk projecting from it, full r eticu l at ion without a pre«ordering step may be 

hindered. 

(3) When the side lengm of the base c 

obelisk projecting from it, hindrance in packing (reticulation) is rarely observed. 

In all cases, however, where this particular class of novel aggregate shapes is 
35 concerned, pre-ordering of the aggregate may be required if zero hindrance b to be 
guaranteed. 

The refractories industry is believed to be one benefactor of this technology. 
Several types of high temperature refractories are used in metallurgical furnaces for melting 
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metals and alloys, ladles, pouring sprouts, and molten metal carrier tubes and piping; and in 
glass melting furnaces. Other furnaces include heat treatment and remelt furnaces, and 
laboratory-type and other muffle furnaces. Different types of refract ori es are utilized fa 
these applications. Other than the classical refractories which have been used traditionally, 

5 modern refractory practice utilizes reaction-bonded silicon nmide-silicon carbide ceramics 
and alumina, zirconia, alumma-zirconia, mullhe, and magnesia among others. 

All these refractories have inherent problems with relatively limited life because of 
a general lack of resistance to crack propagation due to thermal shock. Our technology 
mitigates these problems as mentioned above. When suitable aggregates according to the 

0 present technology, which are chemically compatible with the matrix (either single phase or 
composites containing multiple chemical species and phases), are fabricated using the 
techniques described herein, we believe that a higher resistance to crack propagation can be 
realized in most fumacing applications. 

F urth ermor e , refractory cements of appropriate flow consistency can be made using 

5 any prior art technology which will include the novel aggregates in the composition of the 
guunable and sprayabie mix. These can be used to repair and extend the lift of refractory 
walls of existing furnace linings of prior art ma t eri als, 

An important ref ractory application is in making high precision molds for the 
fabrication of engineered articles of simple and complex shapes made of metals, ceramics, 

0 plastics* and composites thereof. A major problem of conventional techniques is the limited 
mold life because of mold breakage. We believe mat ceramic, metallic, and plastic 
r efrac to ry molds that are made using the a g g r e gate s described here will exhibit superior 
mold life due to higher capacity to bear very high and variable loads, including loads due to 
static and dynamic vibrations. 

5 Yet another application for our technology is the making of furnitures used in 

furnaces for stacking articles to be furaaced. All the current furniture materials are 
relatively weak and brittle and can not carry high loads. This limits the furnace load. 
However, when the furnace furnitures are reinforced with aggregates of our technology, the 
strength is increased considerably because of the load distribution within die composite. 

D This results in higher load bearing capability allowing higher levels of furnace loads, higher 
productivity and savings realized in furnace optffarmg costs. 

Cement-based materials have relatively high comp r essi ve strength. However, they 
have a low tensile fracture strength and a low value of strain relative to their tensile 
strength. Prior art has utilized the addition of fibers to greatly improve the tensile strain 

5 capacity of cement-based material (See, for example, Mechanical Behavior of Fiber- 
Reinforced Cement-Based Composites, N S.P. Shah and C. Ouyang, J. Am. Ceraxn. See 74 
[1] 2727-38, 2947-53 (1991)). These fibers are primarily made of steel, glass, or polymer. 
Carbon, asbestos, wood, cellulose, and di ff e rent synthetic fibers have also been used in 
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cement-based materials. Incorporation fupt 15% by volume is considered state of the 
ait Tensile strength is improved from approximately 4 MPa to approximately 15 MPs. 
Fibers stabilize nucroerscking and a homogeneous distribution of microcracks is achieved at 
very high strain levels (1% strain) which is two orders of magnitude higher than plain 

5 concrete. 

A class of cement-based material which contains cement, silica fume, and steel 
mkroiibers has a bending capacity an order of magnitude higher than conventional 
reinforced concrete. The material properties of this advanced concrete approximate that of 
structural steel. 

10 Although poorly understood, the mechanisms of fracture resistance involve the 

following aspects: 0 the qnasi-brittle nature of the matrix, ii) weaker intcrmctal zone 
between the fiber and the matrix, Hi) strain localization m the matrix, and iv) the micro- 
mechanieal aspects of niicrocrack initiation, interracial cracking, and mtcrocrack 
propagation. 

15 The above mechanisms, which operate m prior art materials, such as the above* 

mentioned silica cement/steel fiber composites, and which provide fnhtmtif strain-to- 
failure, are inherently statistical in nature. Variations of any kind in the microstructure of 
these cememitious materials will lead to subtrrartal reduction in the enhanced strength and 
fracture resistance, thereby leading to operating uncertainties. 

20 Our technology does not rely on any of these opwafing mechanisms for enhanced 

strength and fracture resistance. Became of their ajuumeuy and the dnec-dimcnsionaUy 
reticulate properties inherent therein* improved properties, and therefore, performance 
benefit, may be obtained by using these novel aggregates in various cementhioos and other 
matrix materials. 

25 Polymer matrix composites are being employed more and more in die field of 

structurii and part-oriented materials, their light weight, impermeability, dielectric 
properties, ductility, resistance to high cycle stress atigue, nuchmabUity, and net-shape 
forming ability make diem statable candidates tor material selection m a widening range of 
applications. For conventional polymer-based compositions, the primary culprit m limiting 

30 resistance to crack propagation is the lack of intertamcllar shear strength resulting from 
limitations of conventional reinforcemem phases. Our novel aggregate shapes disclosed 
herein afford unproved remfbrcement phase opportunities for dispersion in this large 
polymer matrix area. Aggregate material selections for the polymer matrix field include but 
arc not limited hx metals; metallic solid solutions; mtennetallic compounds; ceramics; 

35 piezo-, feno^lectrics; glasses; carbon and graphites; mica; other polymers such as plasties, 
synthetic rubbers, and organic resin compounds; cements; and ccmcntitious materials. 

Metals, alloys, and mtennetallic co mp o unds often utilize various ceramics tor 
reinforcement purposes to enhance the modulus to effect higher stiffness. For example, it is 
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common to use silicon carbide particles, platelets, and whiskers in aluminum, and 
aluminum-based alloys. We believe mat instead of the two-dimensional reinforcements 
such^as the platelets, whiskers, and fibers, or the threenamensional remfbrcements such as 
particles (which, however, have two dimensional effect as fir as fracture resistance can be 
5 realized), the use of r ein fo r c ements of the current technology which reticulate three* 

dj mri «wm«iiy cm pmnrftfe improved reinforcement properties. As such, these materials can 
be used in structural applications such as aircraft structures. 

The aggregates of the present technology can be used in wear-resistance 
applications such as mechanical seals, ceramic liners, bearings, thread guides, and pressure 

10 sensors. Other suitable applications include heat-resistant materials such as in ceramic 

engines including turbine blades, neat exchangers, radiant burner tubes, burner nozzles, and 
high-frequency combustion crucibles. 

Compacted fibrous irtsuiation is used as furnace walls in laboratory furnaces. 
Generally, these have very low strength and are capable of carrying little, if any, load. 

IS However, cracks are mevitabk and propagate through the thickness. Although spelling does 
not occur in general, the presence of the crack leads to beat lots. We believe that when 
appTwptatft n ggi e gjttM a txmdt i ig to onr technology are c hrmit a lr y c ornn a rihte with die 
fibrous insulation are used, cracks if and when they originate do not propagate tfsrough the 
quickness of the fiber wall bm mstead ate arrested son^whew This results m blind 

20 cracks wim substantial rc Tne benefits are unproved 

heat transfer to the ware, reduced heating time, reduced furnace power, and in general 
improved furnace life among ethers* 

A requirement for many abrasive grams used for cutting and machrnmg is that the 
ceramic abrasive grain be self-sharpening during use, thereby exposing die sharpness 

25 required for cutting and machining consistently instead of producing rounded particles on 
fracture and subsequent wear. The aggregates according to the present technology generally 
have sharp corners in them. It is expected that because of the way m which these 
aggregates are manufactured, they will retain their general geometry even after breakage, 
leading to the mainfrni ,M ^ of sharp comers required in abrasive applications. 

30 The function of n^ aggregate depends un^ 

designed engineered material However, in many cases the common and general 
requirements are that the aggregates be light (not heavy), highly dense (not porous), bard, 
strorig, liave relatively larp 

both during fobrication and during service. Three^mwmuonal retkulation is a highly 
35 desired property which leaA to 

stress as well as performance isotropy. 

In general, ceramics often withstand high tem p eiatui e service better than metals, 
alloys, and polymers. Mostly, they are resistant to high temperature environments. A 
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major reason for the use of ceramic materials as refractories for foresees is their ability to 
withstand prolonged exposures to high temperatures. However, when rapid changes in the 



5 relax. Ceramics that are nisnufactured with variable density through the cross section are 
prone to failure dne to thermal shock. This is because the temperature distribution within 
the body is such Aat m» expansion of each volume elemem would separate the individual 
volume elements so that dwy could not be fitted together. Since they are constrained within 
the same body, stresses arise. 

10 Resistance to thermal stress fracture is called thermal shock resistance. It is known 

that such resistance is a function of external variables such as the stress level, stress 
distribution within the body, and the duration of stress, as well as intrinsic material 
properties such as the allowable straisKo-failure, extent of tnicrostroctural homogeneity, 
porosity, and pre-existing flaws. 

1 5 Recognizing that manufactured ceramic articles have inherent flaws, studies have 

been made to understand how the flaw length (crack length) varies as the severity in the 
temperature differs. For thermal stresses less than that required to initiate fracture, no 
change in strength or crack length is exp ec te d , At critical stress level for fracture, the 
cracks propagate with high velocity, their length hicrenstng and diereby decreasing the 

20 strength of the structure. 

Two principnl ■pproaches are avaaabU for design and the selection of materials 
which are subjected to thermal shock in service. (Reft Kingery, "Introduction to 
Ceramics.") The first approach is applicable to ~fine a ceramics, such as those used for 
structural and electronic ceramics, and to "classical" ceramics, such as those used in glasses, 

25 porcelain, wrdtewares. Here, one avoids the fracture initiation as much as possible. The 
thermal shock mintinf* parameters appropriate tinder these conditions, (depending upon 
heat flow conditions) may be described as: 



environmental temperature are encountered, which is termed thermal shock, substantial 
stresses can develop on bodies which are constrained and are not allowed to expand and 
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where, o> is the fracture stress, m b the Poisson ratio, k is thermal expansion. Therefore, 
high values of strength and thermal conductivity, and low values of modulus and thermal 
expansion coefficient are believed to pi ot n otc resistance to crack initiation. 

We believe that our unique and novel aggregates in the form of the Reticulon, 

5 Tetrajack, Tetratwin and Starjack, when appropriately used as second phase and/or matrix 
phase reinforcements, will show very high strength because of the nature of the geometric 
arrangement of the matrix and the reinforcement in highly reticulated fashion* The inherent 
stress distribution within such a body may lead to minimal tensile stresses and minimal 
isolated high tensile stresses that may occur while the body is in service. It is believed mat 

10 these tensile stresses will resolve themselves into low values of shear and/or compressive 
stresses. 

When ceramics are used as refractory bricks, a second approach b practiced 
wherein the crack propagation is voided. The thermal shock resistance paraoieten indkate 
1 ) the availability of minimum elastic energy for crack propagation as given by: 



and 2) the minimum distance tf crack propagation on the initiation of thermal stress milure 
as shown by: 

20 



where v. is the fracture surface energy. Therefore, in general, high values of modulus and 

work of fracture (fracture sartee caeqy) and low values 
25 propagation resistance. However, it should be noted that soch materials cannot support 

moderate to high toads. 

We believe that a major difference exists in the second approach using our 

a gg ie gates m matrices as disclosed herein. Composite bodies using our aggregate according 

to the present technology have high modulus (depending upon the reinforcement/niatrix 
30 combination for lower volume fraction of the reinforcement than comparable to prior art) 

and high fracture surface energy for reasons discussed herein. 

Prior art technology uuioduced enough cracks of sufficiently large size (where it 

can be tolerated) to resist tauuuop hic crack propagation. By imroducing niicrosoncniral 
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inhomogeneities which serve as stress concentrators, fracture wis allowed to take place 
locally, thereby av tding catastrophic failure because of the small average stress in the 
material. As an example, intcrgranular shrinkage voids in Al^-TiG, ceramics serve to 
blunt initially sharp cracks and prevent their propagation thus providing better resistance to 
5 thermal shock damage. 

We note that prior art has relied upon the existence of these mhomogenehies and 
large cracks within the body, thus co mpr om ising high strength and reliability. A major 
factor why ceramics have not met success thus tar in the marketplace is this lack of 
reliability in properties and there f ore wide scatter in performance due to mhomogenehies 

10 and cracks within the material Our novel aggregates and composite bodies that use such 
aggregates as disclosed herein can serve to alleviate this problem. The overall stress in the 
composite body is reduced not by the distribution of the stress to localrzed areas by 
introducing hmomogeneities, but by inherently changing the tensile component of the 
principal stress to shear and compressive stresses. The tensile component is made to act 

IS along a very short distance after which it must resolve into components of stress that are 
substantially less in magnitude than the principal tensile stress. It can also resolve 
completely into compressive stress, a heretofuie unknown phenomenon. This is a 
fundamental difference between die prior ait and the novel c ompos ites made of aggregates 
disclosed herein Prior art has limited developing crack front totuosity on a principally 2* 

20 dusttuional plane. Contposite systems employing aggregate of the claimed geometries will 
encourage if not demand that developing cracks pursue truly 3-dnnenskraaJ paths. This 
mechanism should substantially increase the resulting fracture surface energy of the 
composite. 

Pores which were mtroduced in prior art to reduce the degree of thermal shock 
25 damage and to mtwr a nrlal ry decr eas e the elastic energy stared at fracture are do longer a 
necessity. The damage caused by pores in materials is wirwramial, since pores reduce the 
material strength, lower the operating stress levels, reduce the strain at fracture, and reduce 
thermal conductivity. 

The potential of die technology can be better unde rstood by considering the general 
30 failure characteristics of ea sju e m e d materials. In general, materials can be classified into 
three types, depending upon the behavior of fracture surface energy as the failure crack 
advances. 

Materials exhibiting Type I loed-dc flection charac te ri stics are extremely brittle and 
have fracture strength considerably lower man their theoretical strength. They have 
35 absolutely no tolerance for flaws that are either inherent in them or created during service. 
They exhibit purely linear elastic behavior up to fracture, after which they cannot sustain 
any load whatsoever, resulting in catastrophic material failure. In some instances , these 
materials can also snow some limited noo-lioearity in the toad-oeflection characteristic just 
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before the failure load. However, ibese materials also fail catastropoically liter the 
attainment of the maximum load. Typical ceramics showing this behavior are thoie with 
fine-grained microstructure and excellent initial strength; however, these have typically tow 
fracture toughness and generally fail by transgranular mode. 
5 Materials that exhibit Type 11 load^flectic« characteristic brittle and have 

fracture strength considerably lower than their theoretical strength. However* they have 
measurable tolerance for flaws that are either mherest in them or created during service. 
They may exhibit purely linear elastic behavior up to fracture, after which they can sustain 
weak load; however, the load bearing capability will decrease conthaiousry. Catastrophic 

1 0 failure is avoided as failure results as the main crack advances through the raicrostracture of 
the material over comiderabk amount of time. In met, there may be oppommity to repair 
the failure-causing crack. In many instances, these materials can also show non-linear 
elastic behavior in the load-deflection char**eristic just before the maximum load Typical 
ceramics showing this behavior are those with coarse-to-Large grained nucrostiuctures, 

15 complex mkTosftiictiire wim a wider 

porosity; and, ceiamic-inatrixcompositBS with cuil i mo u s fiber reh im tt ffmen rt These 

rnateruds can have moderat**o^ 

fracture toughness and generally tafl by a comtm^ 

defketini, crack bridgm^ 

20 direction, and the like. 

Materials exlubiting Type in kiad-deflactkm characteristics are also extremely 
brittle aid have fracture sowg^ They 
rjave no appreciabte tolerance 

service. They exhibit purely Ihw eiastte bchaw up to fracture, after whkh they can 

25 sustain load; however, in a decreasing inaimer. Allh^ 

temfMrariry, failure results as the mam crack advanced through the nkratructure of the 
material over time. In some instance, these inaterials can also show some Kmited non- 
lmearity in the load-deflection characteristic just before the maximum load. Typical 
ceramics showing this behavior are those with medium- to coarse^med microstructure, 

30 d^lex-grawedmicrostr^^ 

shor^whistoreinforcenienta. These niateriais can have inoda^ m ^ 
however, these have only n>oderate fracture tou^ 
tf several mechamsnu, such u 
like. 

35 We believe Type DbehavierwiUo 

technology during the majority of the crack propagation event 

The composite bodies inade of ow 
degree of reticulation of both the leinfbrcemem and 
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lo nifrrtantiil improvement in the tolerance of temperature differentials under operating 
conditions. The critical temperature differential, AT r for the onset of rapid fracture appears 
to be given by the relationship: 



where, is the critical stress intensity factor at the onset of catastrophic failure, Y is a 
shape Actor characteristic of the flaw contributing to failure, a, is the flaw dimension, and 
BO) is the Biot modulus related to the body dimensions. 

10 Because of substantial improvement in the fracture toughness property, we believe 

novel composite materials made using Reticulon, Tetrajack, Tetratwin, and Starjack 
aggregates increase the temperature differential required for catastrophic future. Such 
materials can be used as very high temperature refractory bodies and those that are 
subjected to temperature extremes in relatively short time durations such as reentry materials 

15 in aerospace and other applications. 

Increasing the strength of metallic materials by finely-dispersed second phase 
particles has been practiced for a long time. Both tnsitu precipitated particles, and those 
that can be incorporated as particles are known. When particles of higher elastic modulus 
than the matrix are utilized, the composite modulus b increased relative to that of the 

20 unremforced matrix. This mechanism requires an effective stress transfer to the dispersed 
phase. 

The three^mnensionalfy reticulate nature of the a gg re gates of the present 
technology considerably increases the nature of stress transfer into the body of the ceramic 
aggregate. The r >M — if »"* 1 " , « o£ for example, silicon carbide Tetrajacks and their 

25 incorporation into a matrix material such as an aluminum metal matrix, is believed to 
improve the *i i« "gii«mg of the resulting compo si te considerably more than heretofore 
demonstrated m the art. Other dense, hard and microsmicturally engineered similar ceramic 
aggregates can also be incorporated into other metals and alloys and intermetallics to 
achieve similar improvements in strength and srifmcss. Further, appropriate selection of 

30 aggregate/matrix combinations can also be practiced in order to improve strength. 

The differential thermal expansion mismatches of the two bodies are relevant for 
consideration. If a t e piesents linear thermal expansion coefficient and, a the tensile stress, 
then the contributing factor due to differential thermal expansion is understood to be 
represented by the formula: 



35 
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where or is the resulting radial tensile stress, at is the resulting tangential stress, v is the 
Poisson's ratio and the subscripts m and p refer to die matrix and the remfbrcement 
particulate property respectively. 
5 If Aa is negative and the aggregate/matrix interface can support the resulting 

tensile stresses on cooling from the fabrication temperature, the surrounding matrix will be 
subjected to ^ng-nrial compressive soesses and the matrix may be strengthened. If Aa is 
positive, matrix micnxracking is expected when the value of a, exceeds the tensile strength 
of the matrix. These idealized conditions appears to apply only selectively to spherical 
10 particulates. In the case of our aggregate, however, it can be expected that the stresses will 
be distributed toward the center of the aggregates because of the nature of the remforcement 
geometry and its relationship to the total composite. Therefore, advanced strengthening can 
be expected* 

The differential thermal expansion coefficient is a very important parameter in 
1 5 most composite systems since it often determines the final state of stress m the fabricated 
composite. In uti e nio d coinposites where the remfbrcements take preferred orientation 
either due to the nature of nU>rication or due to their inherent shape such as whiskers and 
fibers, four theoretical possiHlities seems to exist 

1 . The Aa is positive in the axial direction: When the stresses are large enough, e 
20 iietwoikof fiMmkrocrecto fiber axis. 

2. The Aa is negative in the axial direction: When the fiber/matrix internee is 
strong; strengthening is ob se rved. However, if the interface cannot support the imposed 
stress, then no matrix pre^tressing can be expected and voids may be initiated at the end of 
the fibers. 

25 3. Aa is positive in the radial direction: This will result in compressive stress at the 

internee and would result in the stiengdienmg of the chemical 
fiber/matrix bond. 

4. Aa is negative in the radial direction: This typically results in mt e rf a ci al 
decoh osi on. 

30 From the above coeAderatkmshapo me capacity to 

reticulate equally In three 4frn—M— are p ie fened in the development of high strength 
composite stractures where thermal expansion issues have been a constraint in the prior art 
(cg^ very large ceramic stractures such as containment vessels far chemical and nuclear 
waste). 
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Tbe interactive and mutually supportive properties of these shapes and their 
inherent tendency to resolve tensile stress inward renders them capable of accepting more 
stress and is one aspect of the novelty of this technology. 

Crack path tortuosity is directly related to the resistance to crack propagation which 
5 delays the break of the material. Therefore catastrophic failure is avoided in service when 
crack growth is slow enough that it can be observed and dealt with before failure occurs. 

Typically, ceramics rail in brittle fashion when the applied load reaches the break 
load, which is determined by a pre-existing flaw in the body (the so-called Griffith flaw). 
In the realm of fracture mechanics, the stress magnification at the tip of the flaw opening 
10 often determines failure. As the applied load, which is perpendicular to the crack plane, is 
increased, the flaw opening increases and so docs the stress intensity fetor, Ibis stress 
intensity factor reaches its critical value, K,s at which the body can not sustain further load 
and catastrophic failure occurs. 

On the other hand, when die brittle ceramic structure is reinforced properly with 
15 particulates, platelets, whiskers, and short and long fibers, either separately or in various 
combinations thereof, the applied load, which is normal to the crack plane resolves into 
various components following the crack front contour, and is resolved into the crack 
opening stress which is less than the original stress. This factor, as well as the cracking out 
of the original plane, seems to contribute to increased fracture energy requirement Thus, 
20 the crack front tortuosity results in Type II and Type 111 behavior. 

In summary, the Type 1 behavior coombutes to complete brittle fracture which is 
termed catastrophic In these types of materials, the major energy for fracture is due to 
crack initiation whh very little energy spent on crack propagation The Type R and Type 
III behavior, on the other hand have substantial crack propagation energy as the contributing 
25 energy to the total fracture surface energy. 

When the reinforcement phase is stronger than the matrix, the failure of the 
material can initiate in the matrix phase and propagates through the matrix grains. 
However, in reality, because of the discontinuous matrix phase, the propagating crack often 
meets resistance when it encounters the s eco nd-phase reinforcement. At this juncture, the 
30 properties of the nianix-reinfoi cement interfacm determines the nature of further 

advancement of the crack. If the interface is the weakest of the three entities, then failure 
occurs through the internee. As will be explained later. In ceramic matrix composites it is 
customary to design this internee to be the weakest in order to increase the crack surface 
area or the crack tortuosity. 
35 When discrete second phase particles are utilized, the crack tortuosity is determined 

by the geometry of the reinforcement phase, its volume fraction, its deviation from unifbnn- 
sized nature, dispersion distance, orientation relative to the applied stress and the 
propagating crack, and the uniformity in the properties of the second phase such as density, 
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hardness. Young's modulus, and the variability of the interfactal strength along the 
boundary of the second phase and the matrix. Therefore, the science of crack propagation 
is complicated and is governed by both global and local events that can occur in a given 
material There is an abundance of scientific theories; however, particulate crack 
5 propagation events always require careful interpretation and intuitive judgment. 

Second phase materials of spherical geometry have been studied extensively 
because of their simplicity and relatively easy modeling and analysts. Other shapes that 
have received attention are: the ellipsoids, the platelets, the short fibers or whiskers, and the 
long discontinuous and coctmuous fibers. The archi tectural arrangement of these 

10 rewfbrcements to obtain the best tortuous crack path has been studied both meoreticaUy and 
expenmentaJry, especially in the case of comimious fiber remrbrcemenL 

Several mechanisms have been found to mfinence crack tortuosity such as: crack 
deflection, crack branching (both in-plane and out-of-plane of the crack surface), short-fiber 
pull-out, and crack bridging. 

15 These mechanisms, when active, contribute to energy versus crack length behavior. 

Type 1 materials have a rtmf*™* fracture energy as the crack advances, No additional 
energy is required. Examples of such materials are monolithic aluminum oxide, sflfcon 
carbide, and silicon nitride. For Type II materials, additional loading is required to fracture, 
since the fracture surface energy increases with the advancing crack front, fa other words, 

20 resistance to crack propagation is met even though crack initiation was easy. Such a 
behavior is known as the rising R-curve behavior. (The "R* refers to resistance to crack 
propagation). 

The R-curve behavior varies for different materials and different types and 
mfcrosttvcturii design of the reinforcements. Examples of such materials are coarse-grained 

25 graphites such as used in electrode applications in the arc melting of metals and alloys. 
Limited rising R-curve has also been denxutstiated in transfbnnation-toughened zhxonia, 
zirconU-tougbencd alumina, whisker leuiforccd silicon carbide, titanium diboride particulate 
reinforced silicon carbide, thaarum carbide particulate reinforced silicon carbide, and self- 
reinforced silicon nitride in which needle-shaped grains are formed wwtot 

30 In Type-m materials, although the failure is not catas t ro phic, no additional load or 

energy is required to propagate the advancing crack. An example of such material is fine* 
grained graphite such as used as a connector for electrode grade graphite for continuous 
operation and even finer grained graphites which are used m noses in a eros pace 
applications. 

35 The geometry as well as the retkulated microfracture of our aggregates are unique 

in composite systems in terms of the nature of stress transfer at the interface and in the 
vicinity of the internee b e tween the aggregate and the matrix. Let us first consider the 
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prior an. When spherical aggregates vc embedded to a matrix, depending upon the nature 
of the tbennai expansion property, the crack can be either arrested or deflected 

When the norma] expansion of the second phase is higher than that f the matrix, 
cracks can bow as well as deflect around the circumference of the spherical second phase, 

5 provided that it is a rigid inclusion with elastic modulus and hardness values higher those of 
the matrix in which it is embedded. Around the spherical aggregate, compressive hoop 
stresses exist which causes the crack plane to change direction. Radial tension, however, 
still prevails causing further crack propagation. When the spherical second phase is a rigid 
inclusion with elastic modulus and hardness values higher than those of the matrix into 

10 which it is dispersed, and its thermal expansion is lower than that of the matrix material, the 
matrix shrinks around the inclusion resulting in hoop tensile stress around the inclusion. 
This results in compressive stress at the crack plane and therefore, crack advance is limited. 
It should be noted that in both these instances, although the reinforcing phase is three 
dimensional (sphere), the effect on stress distribution as far as the advancing crack is 

15 concerned, is two-dimensional 

In reality, the hoop tensile stress is never uniform around the inclusion due to 
various fabrication and non-uniform dispersion effects. Therefore, complete crack arrest is 
never achieved. 

Similar theoretical considerations apply for the case of ellipsoidal aggregates and 

20 whiskers and short fibers and combinations thereof However, these aggregates exhibit two- 
dim ensional orientation effects, hi many instances, because of hindered parting as noted m 
a previous section, high volume fraction loading of these two-dimensional aggregates m 
matrices is not achievable. Moreover, the stress distribution around the whiskers and 
continuous fiber reintbrcements is such that most composites made usmg these nil in shear 

25 because they have practically negHgibk shear strength. When the compression n applied 
axialry to composites with continuous fibers, buckling failure may occur again dne to poor 
shear strength capability. 

Random orientation of whiskers has been tried in prior art in order to simulate 
three dimensional distribution. However, this results in improvement in fracture energy 

30 which is less than that ohtatnrd in two-dimensional, oriented dispersion. For example, 
Haiyan Liu, Karl L. Weisskopt and Charter Petzow ("Crack deflection process for hot- 
pressed wfaiskec^infbrced ceramic c omp o sit e s , J. Am. Coram. Soc 72, [4] 559-61 (1989)) 
have shown theoretically that for a given aspect ratio of the whiskers (for example, 
length- 12 tunes the diameter), dueo^lmiensional dispersion yields four-fold increase in 

35 fracture toughness over the unreinforced body. Two-<hmensional alspersion, on the other 
hand, yielded above sevenfold increase in fracture toughness over the unreinforced body. 

Many processes utilizing whiskers have introduced toughening. Usually the 
increased toughness is the result of crack deflection and whisker bridging, a process that 
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involves elastic, fKctional, and pullout bridging of the crack (see, lor example, "Matrix- 
grain bridging contributions to the toughness of whisker-remfbrced ceramics," J. Am. 
Ceram. Soc 74[9] 2131-35 (1991)). 

For effective whisker bridging, the strength, radius, and volume fraction of the 
5 whiskers, the ratio of the elastic properties of the composite and matrix to that of whiskers 
all should be optimized. Thus under uniaxial and mumaxiaJ service stress, to enhance 
fracture toughness one should select whiskers with high strengths, large diameters, and 
smooth surfaces (e.g., to minimize stress concentrates and enhance interfatial bonding). 
Prior ait dispersions are varied in size, shape, and dispersion uniformity. 

10 Theoretical modeling has shown that such variations decrease the toughening efficiency. 
(See, for example, S.G. Seshadri, M. Srinivasan, and K.M. Keller, "Numcricai computation 
of toughening increments due to crack deflection in particulate composites,* Ceram. Eng. 
Proc. 8, [7-8] 671-6S4 (1987)). 

In the preferred embodiments of our technology, the geometry of the aggregate, as 

15 well its inherent natural ability to reticulate in all three dimensions, often dictates die stress 
transfer in an entirely different fashion. Although general considerations regardm g 
cufterential thermal expansion between the aggregate and the matrix in which it is 
embedded still apply, the stress distribution around the aggregate m three dimensions 
dictates that the tensile stress initially imposed on the crack plane be converted to shear 

20 component and eventually into compressi ve component as it advances around the aggregate. 
It is believed that this tortuous crack path routing can arrest the crack completely. The 
reticulate distribution of the aggregate ensures that this occurs within a very short duration 
of crack initiation and crack propagation. Additionally, the three dmtensional mkralation 
and the stress transfer which is dictated by geometry ensures that composites made using 

25 these novel aggregates in various matrices di s cl os ed herein have high shear strength. 

Another unique feature of die composites according to die preferred embodiment of 
our technology can be described as follows: When conventional "soft" a gg re gat e s are used 
in prior art, namely aggregates with hardness value less than mat of the matrix, the crack 
can go through the aggregate essentially with no improvement in fracture to ughn ess 

30 property. Aggregates according to die preferred embodiment of our technology allows the 
utilization of "soft" aggregates m a "hard" matrix where the haro^ess of the aggregate is less 
man that of the matrix. This is because the stress distributios around die reticulated 
aggregate is truly distributed in three dimensions. Furthermore, ft should be noted mat die 
nature of the reinforcement technology advanced in this disclosure often results in the throe 

35 dimensional reticulation of the matrix also, which contributes to crack arrest by the harder 
matrix. For example, even though zirconia has hardness property much less than silicon 
carbide, aggregates mode of zaconin can be used to reinf orce silicon carbide matrix. The 
geometrical effect discussed above, as well as the well-known ttansfbrmatkm toug he n ing 
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within zirconia resulting from the stresses of the advancing crack it believed to contribute to 
improved fracture toughness of the silicon carbide material. This is thought to be an 
important advance since there are not many inorganic compounds which are harder than 
silicon carbide, which is a requirement in prior art in order to improve the reinforcement 
5 and crack resistance capability of many materials. 

We believe that aggregates of the class discussed herein such as the Reticulou, 
Tetrajack, Tetratwm and Starjack , when appropriately reinforced in matrix materials* will 
contribute to far superior Type II behavior than heretofore achieved. 

Typical fracture surface energies for Type I behavior are in the range of 5 to 1 00 

10 J/m*. Typical fracture surface energies for Type H behavior are an the range of 500 to 2000 
j/m\ Typical fracture surmce energies for Type-Ill behavior are in the range of 100 to 500 
J/m 1 . We expect that the technology discussed herein will result in fracture surface energies 
in the range of 500 to 5000 J/m 1 . When property fabricated, eng in eered materials 
employing these novel aggregates may be expected to yield fracture surface energies in 

15 excess of 10,000 J/nr\ 

We also believe the employment of these aggiegatcs will provide a completer/ 
different fracture behavior in materials. As was me ntioned previously, it is customary to 
have a weak matrix reinforcement internee (weaker than either die reinforcement or the 
matrix) in ceramic composites in order to farce fracture paths along the internee to achieve 

20 tortuosity of fracrure surmce. The preferred embodiment of the present technology does not 
require t weak internee per jr. Because of o^ reticulation properties of ^ aggregate, the 
matrix b also reticulated. Because inherently stronger aggregate are used compared to the 
weaker matrix, failure in the matrix is allowed. The reticulated and tortuous macrostructnre 
of the matrix will ccatribute nrhttantialry increased tortuosity of matrix failure compared to 

25 prior art and materials nirare behavior. Additionally, the requirement of weak internee in 
prior art materials has led to materials that are not paruailarry strong. Further, when 
matrices of composites are themselves comp os ed of single or multiple fractions of the 
disclosed aggregates the matrix microstrocture itself will contribute to substantially 
increased crack path tortuosity. 

30 We therefore believe that materials which are both strong and tough may be 

fabricated using the embo dim e n t s in accordance with the present technology. 

The requisite of a strong mtarface for strength and a relatively weak internee for 
toughness has sometimes been met by using a duplex fiber element Here, the reinforcing 
fiber element consists of n cyUnd^ical outer sheam which U 

35 and surrouiub the iiuier core of When 
failure of the outer sheath occurs, pull-out effects are obtained between the sheath and inner 
fiber element It should be remembered that such a processing complexity leads to 
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uncertamties in fobricatioa design, and failure prediction methodology, in addition to the 
inherent orientation effects. 

We therefore believe that products superior to this prior ait in terms of fabrication, 
design, predictability of performance, and performance may be composed by using the 
novel reinforcements herein described. 

Composite materials according to the present technology also mitigate several other 
problems encountered in conventional fiber composites where, thus far, the highest fracture 
surface energies have been obtained. If fibers are randomly oriented, many of them will 
cross the fracture plane obliquely and be subjected to bending moments. When brittle fibers 
are used, this will lower the applied tensile stress required to fracture the fibers, if fibers 
make a small enough angle to the fracture plane they will be unable to pull out, at least 
initially, and will either fail in shear, or will break through the matrix. Also, wim randomly 
oriented remforcement, some fibers will lie aftxoxiinately perpendicular to the tensile axis 
and may act as stress-concentrations*^ if bonding is weak, coiisequently 

15 reducing the strength of the composite. 
Th^ another bewrn^ 
fracture toughness which has been the abiding requirement in prior art is no longer 
necessary using our aggregates and usmg the reticule 
and the remforament olscJosed liemm. 

In other words, material systems enjoying these aggregate and the i 
matrix resulting from the use thereof afford such a robust imnrovemem in i 
and fracture toughness that a much higher degree of flaw madera (giri.gr fri^^ „ 
servicc-mAice^ 
body.. 

Refractory materials in the shape of the aggregates of the preset 
find applications beyond merely serving as aggregates in a structural matrix. For example, 
the "chain" of Fig. 5 can be strong together by drilling (or molding) a hole (which may be 
threaded) throiu^ 

depicted onto a cable (or threaded rod). Such a cable of refractory elements fin* any 
applications in material handling settings, particularly those involving high 1 



20 



30 



Aggregates accordmg to the present technology find many applications. One is in 
istrucsurea. In accordance with this aspect of the technology, a matrix/aggregate 
material u fbrmt< extru^ An example is a 2000 

35 liter vessel for the storage of nuclear wastes. Economic as well as technical considerations 
will detennine specific aggregate/matrix compositional choices. Thus, the vessel would be 
composed of predominately alumina niaterials designed to achieve their optimal strength at 
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temperatures exceeding 2300*F. Lower temperature ranges and other atatrix/aggregate 
materials can also be used. 

Under agitation, which may be from mechanical, ultrasonic, microwave, or a 
combination of these sources, the aggregates according to the present technology tend to 
5 order themselves into a reticulated array. This effect is heightened under pressure. 

Processing while in the fluid stage also reduces internal stresses remaining after later firing, 
by erasing density gradients that result from the material having become deposited in the 
mold. 

Examples of potential applications in the field of fine ceramics include but are not 

10 limited to: high temperature furnace linings, bricks, tundisbes, electrodes, electronic 
substrates and other forms of heat sinks, emission control catalyst carriers, catalytic bed 
components, ceramic capacitors, thermistors, varisters, piezoclectrics, heat and fracture- 
resistant structural materials, beat engine components, dtesel and gas combustion engine 
components, bigh-teinperature frttrwgr. transport rollers and gas and molten metal transport 

IS pipe, wear resistant materials (e.g>, mechanical seats, thread guides, liners, sand blast 
nozzles), cutting tools, higb-teuiperature or corrosive environment sensors, bone 
replacement, artificial Joints, tooth implants, separators for biological components, 
transparent windows, mkror substrates, tools and jigs, abrasives, turbine blades, precision 
instrument parts, filters for high-temperature and corrosive materials, insulators, wave 

20 guides and transducer*. 

In the field of high-temperature thermoplastics alone, it is believed mat benefits 
can be obtained by employing the principles disclosed herein. Beneficiaries include, but are 
not limited to: liquid crystal polymers (LCPs) with high chemical, radiation, weathering* 
and burn resistance, as well as heat deflection properties; polyanude-bnide (PAI), resistant 

25 to solvents with good wear and friction resistance; poryarylate, which is tough, flame 
retardant, and resistant to ultraviolet light as well as dimensional ry stable; 
polybcnzhnidazole with good compression strength and dimensional stability; 
polyetherimide (FE3) with chemical and creep resistance; polycshenuifone (PES) with good 
hydrotytic stability, chemical irtht a mt, and heat deflection properties; poryhnide (FIX 

30 gwllnfrftwMjIm*— h*** ifaflagfinn, and rfiMtiic.nl pmpetttea; pftlytonM^ ehgmtealty 

resistant, strong and stifg porypbenytene ether (PPE); porypheneiyne sulphide (PPSX 
poryphenylsulfone; polyphthalimide (PPA); porysulfbne (PSfc pclyetherketone (PEKX 
poryetherethertotooe (PEEK); and poryetheretfjefixtOTeketorte (PEEKK). 

A variety of metfac^ and apparatuses may be used to make the aggregates shown 
35 in Figs. 1-6. As an ilhistiarJon, the aggregates may be made according to the flow chart of 
Fig. 7 and the schematic diagram of Fig. ft. In general, the aggregates can be molded 
between lower and upper mold halves each containing a suitable mold surface. The details 
of each processing step are described below. 
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The aggregate production process begins with material selection, alumina (in the 

present case), with a sintering aid phase (in the present case, magnesium oxide), and a 

binder phase (in the present case, a complex of polyethylene glycol compounds, aluminum 

chloride, stearic add and deionued water). 
5 The constituent ingredients are dry mixed, then high shear blended and press 

formed into ukkness<ontroHed sheets from which will be cut charges specific to the 

volume requirement of the employed mold (130). 

The cut charge is placed in the mold (132). The platen (upper mold half) is 

lowered into contact with the charge and vibrated (so as to reduce viscosity of the charge), 
0 while continuing to be lowered until full contact with the lower mold half has been 

achieved (134). 

Ram pressure on the mated moid halves is increased. Vibration frequency and/or 
amplitude in increased until full displacement of material into the mold cavities has been 
accomplished (136*). 

S Vibration and pressure are discontinued (IBS). The mold halves are separated sod 

die press formed fabric of parts is removed from the mold. The fabric is observed for 
obvious flaws and either discarded or stacked for debindermg and sintering (140% 

Considering die small croas^sectional size of the aggregate (m tibe present case, 
0.06 cm), * prolonged debmdeiuig phase Is not considered, and the sheet of nested 

D aggiegale may be shnply stacked with other like element* or otherwise disposed into a 
furnacmg environment for sintering. 

Sintering of alumina may be accomplished at a wide range of temperatures. From 
1400 to 1650*C is considered appropriate. thoagh low^ 
have been utilized and are common in the art (142). 

5 After furnacmg^ the sintered sheet or fabric of parts (hi the present case, aggregate) 

is removed from the furnace and intpectrri for flaws (144) before being crushed b et w een 
pressure-controlled rollers (146) (so as to release the agg re gat e from the sturaunding 
web/fiash). 

The crashed flash U then screened (14g) from the aggregate before aggregate 
) are passed into an abrasive shany-fiued tumbling device where the Jagged remains of the 
part line are removed. 

The a gg r egate, having been tumbled, are then s ubjec ted to a final quality control 
step (152) before being weighed and bagged for inventory andVor shipment (154). 

Referring to Fig. t, in a pr eparati on portion 100, a suitable raw material 102 is 
S prepared. The raw material 102 may include a variety of materials such as the aggregate 
materials described ahove. The pr e par e d raw material 102 is placed into a elosable mold 
104 being in an open petition The mold 104 is partially closed so that a gap 106 is 
defined between a lower mold half 108 and an upper mold half 110. The mold 104 and 
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raw material 102 are subjected to vibration V and pressure P. The in Id 104 is then fully 
closed under pressure and vibration. The pressure P and vibration V is then stopped and 
the mold 104 is opened so that a fabric 1 12 made from the raw material 102 may be 
removed therefrom. At this stage, the fabric may undergo a quality control procedure. 
5 As described in detail below* the fabric 1 12 comprises a web of aggregates or 

parts. A stack 1 13 of such febrics may be placed in a sintering device 1 14 such as a 
furnace for sintering and removing binders from the fabrics. It is believed sintering and 
molding may be performed as a continuous process. The fabrics arc removed from the 
sintering device 1 14 after they have been sintered. Optionally, the sintered fabrics undergo 

10 another quality control procedure. Each fabric 1 12 preferably is inserted into a nip 1 17 
between a pair of rollers lit, 120 to break up the fabric uito unfln^ The 
parts 1 22 are screened in a screener 124 to remove parts smaller than a predetermined size. 
The screened parts may be placed in a tumbler 126 to remove sharp edges and other 
undesirable portions of the parts. The quality of the tumbled parts may be checked before 

15 packing the aggregates for shipping at 127. 

The parts or aggregates may be prepared in a variety of processes including 
continuous and batch processes. A mold apparatus 37 suitable for a batch process is shown 
in Figs. 9-10. The molding ap p aratu s includes lower and upper mold halves 34, 3S. The 
lower molding half 34 is supported by a horizontal platen 40 and includes a lower molding 

20 surfece 42, described in detail below. 

The molding halves 34, 31 are movable between open and closed positions so that 
a specimen 44 placed therebetween may be mended according to the shape of the m^ 
surfaces 36, 42 when the molding halves 34, 3S are in the closed position. 

A suitable specimen or feed material, such as alumina, may be prepared in a 

25 variety of processes such as a casting process. As is apparent, other feed material may be 
used, such as the materials suitable as aggregate materials as described above. In each case* 
appb cation-dependency will dictate specific feed conditions such as: feed temperature, 
chemical constituency, binders, viscosity, solids loading. Preferably, the feed material m the 
present case (alpha alumina (tabular), magnesium oxide, stearic acid, polyethekne glycol 

30 waxes in a variety of molecular weights, and aluminum chloride) approximates ball-in-hand 
consistency, or that of stiff modeling clay, in the illustrated method, a thixotropic approach 
is taken where portions of the feed material are placed onto mold surface 42 of the lower 
mold half 34. 

The molding apparatus 37 includes vertical support columns 46, 4* for supporting 
35 an uiiderside of the horizontal platen 40 extending between the support corumns. Between 
the T"pr***"g columns and platen are disposed shock absorbing spring means 50, 52 
disposed. Tne spring means 50, 52 are preferably coil springs that are stiff enough to 
prevent contact between the platen 40 and the support columns 46, 48 when the platen 40 is 
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subject to load. Pressure controlled air or hydraulic shocks may also be used. A vibrator 
source 54 may be attached by mechanical fasteners such as bolts 56, 58 to a central portion 
60 ittached to an underside of the platen 40. A variety f vibrators may be used such as 
mechanical, ultrasonic, microwave or combinations thereof. 

5 The lower mold half 34 is positioned on the platen 40 between a pair of die 

holders 62, 64. The mold half 34 has the mold surface 42 facing away from the platen 40. 
The upper mold half 38 is positkmabk on top of the lower mold half 34 so that the 
corresponding mold surface 36 faces the tower mo W surface 42. Both the upper and lower 
mold halves have dowel receiving openings 66, 68 formed therethrough tor receiving dowel 

10 pins 70, 72. 

The upper moid half 38 is in the preferred position when the dowel receiving 
openings of the lower mold half are aligned with the dowel receiving openings of the upper 
mold half so that dowel pins 70, 72 may be inserted therein. The dowel pins 70, 72 assure 
proper alignment of the upper mold half 38 relative to the lower mold half 34. 

15 A ram assembly 74 is disposed above the upper mold half 38. The ram assembly 

74 may have a robber layer 76 on an underside thereof. The ram assembly it movable hi 
the vertical direction to exert pressure on the molding halves and the raw material when the 
mold 37 is in the closed position. 

ThemoidmghaJvcsmaybcnuj^ 

20 Incite or any other equivalent material having tow rharartr ristir acoustic imiwi ta m r For 
example, the characteristic impedance may range from aboot 2 million p*c to about 50 
million fee. R is appaiart ft* cte 

In the preferred embodiment, me lower inoldfcig half 38 is substantially stationary 
and the upper molding naff 34 is movable m the vertical direction by the ram assembly 74. 

25 Molding surfaces 36, 42 may have a variety of mold patterns such as a pattern for 

making a plurality of Tetrajadc (in the present casc\ Tetratwin, Starjack, Retkulon, or other 
three-dimensionairy reticulate aggregate classes whkh fall within the scope of this 
disclosure. For example, Fig. 10 shows a mold patten for making Tetrajack shaped 
aggregates or parts. The mold surface 42 includes cavities 60 sad contact points or bosses 

30 62. Smiilarry, the moid surto 

closed a semhigld sheet or fabric 81 (Tig. 14) haviiig a plurality tf a 
formed therein can be produced. Figs. 1 1 A-C shows bottom views of a Tetrajack 79 (Fig. 
UA)and a Tetrajack ftbrics 80, 81 (Figa. 1 IB and 1 1Q. Figs. 12A-C show top views of 
each respective Tetrajack 79, Tetrajack fcbrics 80, 81. 

35 in general, the upper molding ssrtace 36 may include cootact points or bosses lor 

contacting corresponding lower points of the lower molding surface 34 when me 

mold 37 is in the closed position. The molding surfaces also include cavities having a 
variety of shapes. 
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The vibrator 54 may be activated to vibrate the mold halves 34, 38 and the 
specimen 44 placed therebetween. The vibration reduces the viscosity of the specimen to 
ensure that all the cavities tn the mold surfaces are filled by the specimen. The upper mold 
half 38 may be pressed against the lower mold half 34 until the m Id halves are closed 
5 Both mold halves may optionally be subjected to more vibration for a predetermined period 
of time. The mold halves are then separated so that the molded specimen or fabric may be 
removed therefrom. The fabric contains a plurality of aggregates, such as Tetrajacks 83, 85, 
held together by thin sections of webbing 82 (best seen in Fig. 13) described by part lines 
of the two mold halves. 

10 The mold surfaces may be made in a variety of ways. According to one aspect of 

this technology, CAD/CAM design and mfarication techniques can be employed to produce 
graphite electrodes of nested ag g regate s . This electrode is used in an Electrical Discharge 
Machining (EDM) process to "burn - the mold surface detail into steel or aluminum plates. 
The plates are then super-imposed upon a base mounting and a platen affixed to a pressure 
15 controlled ram. 

Other methods of obtaining mold surfaces of nested aggregate geometries include 
but an not limited to: conventional smile-point multi-axis machining centers, 
stereotithography, stareea 

The specimen or raw material 44 (powder Mend, extruded or cast tape* slurry or 
20 spray deposition) preferably is introduced or deposited on one or both of the mold surfaces 
36,42. The ram 74 is then lowered to designed pressure, dwell, and proximity tolerances. 
The ram is then raised and the nested aggregate, suspended in the web/matrix may be 
removed from the casting environment. 

In accordance with a further aspect of the present technology, the base mountmg 
25 anoVor the platen may serve as a source tor vibrational energy and/or vehicles tor same. 

The exact specifications of vibrational energy such as type, amount and dwell are Ayrndrnt 
entirely upon the candidate application. As an example, the mamincture of alumina 
aggregate to be employed in an advanced rcrxactory concrete application may be considered. 
Where mechanical vibration (random and variable fi^quenc^/amplrtude) is 
30 concerned, it is believed tlutt aggregate 

determine the choice of the vibrational constituents. For instance, if the aggregate under 
consideration is large, over five ccutim c teta, tor example, and the application is non-critical, 
then mechanical vibration serves to sufficiently homogenize the green body at a moment of 
formation (MOF). Additionally, the process c^yfbn^ \9mn^yisco^of±t 
35 specimen due to i n cr e ased collisions at the smallest particle and/or molecular level. This 
increased rate of collision will produce a more thorough shear mining or dispersion in the 
charge at the MOF than h er e tofore known m the art For more ' Hinn^Hg applications such 
as fine ceramics, heat engine components and hign-temperature refractories, aggregate 
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dimenskraj may be much smaller, less than 03 centimeters, for example, and the 
wavelength/amplitude factors generally associated with mechanical vibration may be 
inadequate t successfully homogenize the constituent materials m the green body. 

In all cases it is important to remember that application depen de ncy is the key to 
S designing vibrational parameters for specific materials. Some very large agg re gat e may be 
considered for use in critical applications. In that case ultrasound as well as mechanical 
vibration, in conceit with microwave and other electromagnetic energy forms may be 
considered. 

In effect, die platen may serve as the wave guide or "born" for the ultrasound 

0 vibratianal application with, the wave energy being transmitted through the mold surface to 
the feed material or casting medium. The vibrational dwell rate/range may range from one- 
hundredth to five or more seconds. The amplitude range of the frequency is dfp e n d ent 
upon mold thickness and area dimensions, as well as, specific properties and requhentents 
of the charge to be cast such as charge viscosity, solids loading, binder characteristics, and 

5 constituent chemistry. 

For this particular application (tabular alumina), along with mechanical vibration 
from single or multiple sources in the range of 25 Hz to 25 KHz, ultrasound is die p je fta ied 
"HftrT" 1 medium of vibration as it affords a much higher frequency range than can be 
practically afforded with mechanical stimulation alone. In addition, the high acoustic 

0 impedance of alumina permits transmission of nttraonk levels of acoustic energy to be 
passed through the alumina constinients of the charge medium. Depending upon the type of 
alumina used, the size of the a gg re gate to be pressed/cast and other considerations, 
— pHuAi and frequency of single or multiple uhrasonic energy sources may range tan 10 
to 2000 watts (or higher for special applications) and 5KHz to 1 or more MgHz. However, 

5 other frequency sources may be used. 

A ui e feiied embodiment of the technology employs these EDM electrode- or 
conventionalHnachmmg produced plates as "master* components from which a plurality of 
•production" mold surfaces may be cast after a variety of methods known to those skilled in 
mean. Production mold surface material choices include but are not limited to zirconium 

} silicate, tungsten carbide, steatite, silicon carbide, zirconium oxide (MgO stabilized), high- 
purity zirconium oxide (yttria stabilized), zirconium oxide (rare earth stabilized), stainless 
steel, mullhe, alumina, silicon nitride, LAS, SiAlON, as well as polymer surfaces such as 
poryurethane. Additionally, other ceramic, glass, glass-ceramic, polymeric cement and 
cementirious, metallic, and composite mold surfaces may be rubricated using this nesting/ 

5 



Given below are the densities and acoustic impedance properties of candidate mold 
materials for making of the aggregate as well as those used in processing of the mix prior 
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to shaping the aggregate. Here, density values are in kgftn' and the acoustic impedance are 
in xlO* kg/mVs. 



20 



Material Ceramics 


Density 


Acoustic Impedance 


Alpha Silicon Carbide 


3.100 


36.58 


Aluminum Nitride 


3.290 


34.55 


Aluminum Oxide 


3.660 


36.23 


Glass, Pyrex 


2.3209 


13.02 


Magnesia 


13.842 


34.00 


Marble 


Z630 


16.30 


Porcelain 


2.400 


13.44 


Fused (juartz 


X.XUU 




ruseo oiiica 




13 It 


silicon iNitnoe 






Titanium Carbide 


9.1 jv 




Titanium Diborida 


A A\*M% 

4.0ZQ 




Tungsten Carbide 


1 < AAA 


AA AJ| 

9y.W 


lets* 






Alnmiflasii 


2.700 


17.06 


Beryl hnn 


1.820 


2JS 


Brass 


1560 


36.64 


Copper 


1930 


41.61 


Titanium 


4.500 


27 J2 


Zirconium 


2.480 


30.13 



Composites 





1 Phenolic Carbon 


1,510 


6.01 


30 


§ Phenolic Glass 


2.150 


8.81 
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Liquids 



Acetone 


0.792 


0.94 | 


Ethylene Glycol 


1.115 


1.81 | 


Water 


1.000 


1.48 


Paraffin Oil 


0.835 


1.19 



The mold surface may have a variety of designs. As an illustration, the core 
design "unit" in each half of a Tetrajack mold is a six-fold amy of identical cavities. From 
the illustrations such as Fig. 14, a repetitive and interactive nature of this configuration may 
10 be seen. 

It must be remembered, as is evident in the drawings, mat the geometry of the 
cavities is unique to each half of the mold. Though it is believed that the cavities could be 
alternated top-to-bottom" so as to provide moid halves that were identical to each other 
rather than distinct, the topography of such a configuration could be very complicated. As 

15 well, it has been determined mat a certain advantage is gamed by retaining "top hair and 
"bottom half proueitks m some situations. For example, when the bottom half of the moid 
contains the Tetrajack cavity with a singular tetrahedral appendage at its center, then, when 
the top half of the mold is removed after press forming, the sheet of aggregate may remain 
in the bottom half because of the marginal increase in friction represented by depth and 

20 drafting of the singular tetrahedral ap pen da ge. 

In die case of bom mold halves, the cavities are radially displayed about a small 
hexagonal center (the "boss"). The cavities are separated by narrow, triangularly shaped 
planes. The short bases of the narrow triangle-shaped planes are each coincident with a side 
of the hexagonal boss. The line desc ri bed by the long edge of the narrow triangular plane 
25 is coincident to the beginning of the cavity and is called a part fine. 

When the mold is fully closed, the tolerance on these narrow triangular planes is 
approximately 400 to 800 microns (pony Of course, other tolerances may be used This 
tolerance figure is believed appropriate to the press forming of Tetrajack aggregate of 
approximately 0.06 cm (as measured by the longest dmmsaon). 

30 When aggregates are press-formed in the mold, the above mentioned tolerance 

estimate may resah in a 400 to 800 nmi webb^ 

stabilize the aggregate. While keeping the aggregate separate from each other, it is 
expected that the regular but highly varied topography of this flashing lends a desirable 
flexibility to the sheet of cast aggregate. 

35 Because the flash attaches to the aggregate at the part line, it is believed critical 

that a thickness dimension of die flash be kept as low as possible. The reason for this is 



w 
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that after the aggregate (aluminum oxide in the illustrated case) have been sintered, they are 
released from the as-cast sheet form. In some cases it may be appropriate to release the as- 
cast aggregate from the sheet prior to sintering. A tumbling procedure may be used to 
separate or break up the aggregates. It has been demonstrated that the flashing may 
5 separate from the aggregate at the part line leaving a somewhat rough or jagged edge 
which, if left unattended, may result in packing hindrance. 

Thus, the tumbling procedure (to be conducted for instance in an abrasive slurry) 
may also be utilized to smooth the part line. Clearly, the thicker the web/flashing is, the 
rougher and more jagged the part line of the freshly separated aggregate will be and, 
10 consequently, the more difficult will be the smoothing of the part line. Thus, the thickness 
dimension of the web/flashing must be kept as low as possible to facilitate the smoothing of 
the part tine. This is deemed to be the case whether the aggregates are separated from the 
sheet and deburred prior to sintering or separated and deburred after sintering. Greco 
strength and other limitations will help guide this particular decision. 

1 5 The bottom mold half of the mold presents the boss as a projection, while die top 

half of the mold presents the boss as a cavity. When the mold ta fully closed and piepared 
for increased pressure and vibration, the tolerance at the boss sites is preferably about .200 
to .400 mm. Other tolerances may also be used. Some of die advantages of using the 
prefer red tolerance include: (1) zero tolerance at the boss site would render full dosure of 

20 the mold virtually impossible because some of the casting medium would be trapped 
between the top and bottom half boss sites; (2) it has been demonstrated mat casting 
pressur e s may marginally deflect the mold. This is d eeme d desirable in some cases because 
this marginal deflection may increase pressure on the casting, rendering it susceptible to 
viscosiry*reducittg vibration. Temporary reduction in viscosity of the casting medium 

25 through increased pressure and vibration during press forming has resulted in uniform filling 
of the mold cavities; (3) zero tolerance at the boss sites in the rotary production mode 
(discussed below) could lead to immediate mold wear if not irreparable damage. 

The specimen is preferably, but not necessarily, a ceramic material However, 
other moldable or castable materials may be used, such as metal, glass, clays, organic resins 
30 and fibers and polymer based materials. 

Large aggregates (on the order of 1 to 10 cnLor greater, for example) may be made 
in simple, hand-operated gang molds. Then, after having been air dried, ancVor calcined, 
and/or fuDy densifled in a variety of fashions known to those skilled in the art, these large 
aggregate can be dispersed m a variety of conventional clay, cementitious, or composite 
35 matrices and employed as media for housing and/or other large structure fabrication. These 
aggregates can also be made by employing traditional cold isostatic pressing of inm vidua! 
rubber molds containing predetermined amounts of casting media. 
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In the case of native clay or "adobe" style construction, simple and relatively 
lightweight m Ids or framework may be used to support this fabrication, then removed after 
the structure has cured Indeed, a structure fabricated in the above fashion may be 
temporarily insulated on the outside with a refractory blanket and furnaced from within, h 
5 is believed that a structure resulting from this conceptual approach would exhibit advanced 
resistance to catastrophic failure from seismic activity. 

Indeed, it is envisioned that many such very large objects may be fabricated after 
variations on this concept are developed. 

It is believed that the room temperature viscosity and gel strength of the casting 
1 0 medium is of considerable importance when designing variable parameters for mis work. 
As a comparison, the working characteristics of very stiff modeling clay approximate what 
is believed to be close to an ideal condition for a vibraticerily-iesponsive medium. 
Relatively low casting pressure, when combined with vibrational comtituents, render the 
casting medium from room te mperature pre-casting stability to a highly active, quasi- 
15 plasmic mode at the moment of formation (MOF). 

It is believed that the vibrational constituent "ultrasound" is sufficient to erase 
density gradients common in conventional press forming. It is believed aa well that the 
vibrational constituent "mechanical* from single or multiple sources in a variety of 
amplitudes, frequencies and dwells may also be used to approximate this effect* 

20 Figs. 15-18 illustrate piefeir e d embodiments of continuous 3-D molding 

apparatuses. A molding apparatus 200 (Fig. 15) comprising first and second moid members 
202, 204, such as rotary drums each having a mold face 206, 20*, respectively, defined on a 
peripheral mold surface 210, 212 thereof. Drive means 213, 215 are provided to rotate the 
first mold member 202 relative to the second mold member 204. The mold members 202, 

25 204 are positioned so that their peripheral surfaces are adjacent one another to define a 

pinch zone 214 therebetween. The peripheral portions may be removable so that the mold 
surface and vibrational means may conveniently be changed. 

A feed material may be fed or inserted into die pinch zone 214. The feed material 
may be provided in a sheet form 219/ (Fig. 15), or in a liquid or semi-rigid viscosity via 

30 spray feed or liquid transfer mechanisms (Figs. 17, 18). The sheet 219 may be contimwusry 
fed between the mold members 202, 204. When the feed material has passed through the 
pinch zone 214, a fabric 221 is formed including a web of aggregates. For example, the 
aggregates may include the Tetrajack, Tctratwin or Starjack. Means for providing 
vibrational energy to the feed material may be applied while the material is being molded 

35 between the mold surfaces 210, 212. In the preferred embodiment the vibration means 
include ultrasonic transducers 220, 222. 
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Press forming of aggregate in the rotary mode begins with introduction f feed 
material into the thickness control zone immediately proceeding the pmch zone of the 
opposing and counter-rotating rollers (160). The feed material may be introduced in a 
variety of ways: tape (cast or extrudedX slurry, or spray means. It is believed that spray 
5 means affords the best mode opportunity for this particular application. A temperature- pressure- 
and viscosity-controlled spray device deposits a thickness of feed on either or both of the 
counter-rotating rollers in an area just prior to the "pinch zone" of the two rollers. The 
sprayed deposit then passes by a thickness monitor which feeds data back to both the output 
control system on the spray device and the rotational speed controls of the mold support 
10 rollers, thereby insuring appropriate feed thickness at the pinch zone (164). 

As the ted material enters the pmch zone, it encounters faroadfield and 
continuously applied vibrational energy (166) (in die present case, ultrasonic). This 
application of vibrational energy is transmitted through the mold surface by an array of 
ultrasonic transducers oriented parallel to the long axis of either or both rollers (m the 
15 present case, both). The transducer array is preferably mounted inside the roller so as to 
present the transducers in close proximity to the rotating mold member. 

The array of transducers preferably consists of three parallel rows of transducers. 
The first row of transducers is focused on that part of the pinch zone immediately preceding 
the area where opposing mold cavities are at their closest proximity. The first row of 
20 transducers emits a continuous low energy frequency and amplitude designed to marginally 
reduce the viscosity of the incoming feed material as it approaches the Moment of 
Formation (MOF) where opposing mold cavities are at their closest proximity. 

The feed material then passes into the MOF as the mold cavities, upon which the 
feed material has been deposited, come to full closure (168). At this point, transducers m 
25 row "b" transmit a burst, or quanta, of high energy utorasonic vibration ^iw>^ fl exactly 
with the fraction of time that the mold cavity is closed 

This high energy application of uhrasound is expected to facilitate complete . 
liomogenizatton and displacement of the feed material into the closed cavity. 

As the mold cavity Iwigiiis to open, the feed material, now press formed into a 
30 fabric or sheet of nested parts (in the present case, aggregate) encounters the continuously 
applied transmission of vibrational energy (m the present case, uhrasound) from row *c" of 
the transducer array (170). The function of vibrational energy from row *c M is much the 
same as row "a," except that row *e* energy is designed to facilitate the output transition of 
feed materials subjected to row "b" high energy. It is believed that energy from row V 
35 will prevent undue shocking of the press farmed parts (in the present case, aggregate) as 
they are released from the high energy conditions of the MOF. In some cases it may be 
preferable to exclude energy from row V transducer components. 
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The sheet or fcbric f nested parts is then complete and ready for separation into 
controlled lengths for batch debindering, <kburring and/or furnacing or kept intact and 
transferred continuously into a fumscnig environment for dertsirtcation. 

An alternative embodiment is shown in Figs. 17 and 18. A molding apparatus 230 
5 includes first and second mold members 231 234 each having a mold stance 236, 231. 
The mold members are rentable in opposite detections. Each mold member includes a 
stationary inner portion 240, 242, respectively, and rotatable peripheral portions 244, 246. 
The mold surfeccs are preferably formed in the peripheral portions. The peripheral portions 
may be rotated by drive means such as drive rolls 24S, 250 rotatabiy attached to the 
10 stationary portions. 

An ejector 252 having orifices 253 formed therein may be positioned between the 
mold members for ejecting the feed material to at least one of the molding members. The 
ejected feed material may be conveyed by the rotatabie molding members to a pinch zone 
254 formed therebetween. A sensor 256, such as a photo sensor, may be placed between 
15 the ejector 252 and the pinch zone 254 for measuring and controlling the amount of feed 
material mat is deposited onto the mold members. 

Means for providing vibrational energy to the feed material while the material is 
being mc4ded between the For example, the 

vibratioial energvinay be provided by transducer assemblies 25*, 260. w the preferred 
20 embodiment, me tinnsdncer assemblies supply uhruouod. The apparatus may include 
wasiimg inanifolds 261 and mold dryers 263 for removing excess feed material from the 
mold suraces and for drying the mold surmcea. 

In addition, means for supplying a continuous flow of air under pressure to 
facilitate separation (release) of the cast mfaric from the mold members may be provided 
25 Flow chart Fig. 19 details the continuous process of aggregate production and 

sintering. A press formed sheet of feed material, preferably formed after the fuhion 
disclosed in Fig. 7 (130, 132, 134, 136X U placed on the lower of two opposing mold 
halves. Press forming of the parts (m the present case, aggregate) is contacted after the 
fashion disclosed in Fig. 7, up to but not including the removal phase disclosed m Fig. 7. 
30 Mold pressure is relieved while stiH m the closed mold position (172). 

At mis point, the mold is partially opened ( 1 74) (approximately 1 0% of the 
thickness dimension of the formed part). Heat energy is applied to the press forming to 
accomplish debmdering and/or pretinunary densiflcntion (calcining). 

The mold is then closed (178). Mechanical pressure on the mold is raised (1 SO) 
35 and microwave energy is applied through either or both mold surfaces until partial or full 
densiflcstion of the ftbric of parts has been achieved (1S2). 
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The mold is then allowed some time to "cool ofT before being partially opened 
(184) and allowed to return to room temperature. The mold is then fully opened and the 
sintered or partially densified sheet of parts is removed and inspected for flaws (1 44). 

In some cases it may prove advisable to allow the mold to come to full closure in 
5 this continuous process thereby substantially eliminating the flash component 

Post-denstfication processing would follow the methods disclosed in Fig. 7 (146. 
148, 152, 154). 

Though roll densification of alumina has been achieved with microwaves, in some 
cases it may be preferable to only partially density the fabric In all cases, application 
1 0 dependence will control the degree of densification as well as virtual ty every other 
parameter of this novel process. 

As best illustrated in Fig. 20, each transducer assembly 258, 260 may include a 
first transducer 262, 264 for applying a first frequency to the nuderial prior to the pinch 
zone 254; a second transducer 266, 268 for applying a second frequency to the material 
15 while the material is in the pinch zone; and a third transducer 270, 272 for applying a third 
frequency to the material after die material has passed through the pinch zone. In the 
preferred embodiment, the traiisdocers 266, 268 may provide a very high amplitnde of 
ura-asound m this way, a feed niaterial 274 m 

transducers as the material passes through the pinch zone 254 to produce a fobrk including 
20 a web of aggregates. As described in detail below, the vibrational energy reduces the 

viscosity of die feed material to enhance the even distrtation of the feed material into the 
mold cavities. 

The mold members may be stacked as shown in Fig. 21 so that instead of two 
mold surfaces 232, 234, pioducing only one sheet as shown in Fig. 15, three mold surnces 
25 232, 234, 234a may be utilized to produce two sheets; four mold surnces 232, 234, 234a, 
234b to produce three sheets; and so on. 

The mold members may also be oriented in a areolar array so mat twelve mold 
members 400 produce twelve sheets (Fig. 22% 

In another aspect of the technology, a packed co mposite 300 (in the present case, a 
30 refractory concrete "brick") is formed. Its constituents are a sintered reinforcement phase of 
threeHtimensionalry reticulate aggregate (in the present case, a TetrajackX and a 
cementhious matrix phase (in the present case, calcium aluminate). 

Aggregate according to Fig. 7 are employed as the rei nf orceme nt phase in 
conjunction with state of die art calcium aluminate cement, such as is available from any of 
35 several refractory concrete producers, such as Lehigh Portland Cement Co., Laferge 
Calcium Aluminates, Inc~, or Alcoa Industrial Chemical Co. 
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Referring to Figs. 23 and 24, the device and procedures for the casting of this 
composite are as follows: 

1. A charge is introduced into a brick m Id or gang of molds 302. The charge 
may be pumped, troweled, sprayed, poured, or otherwise deposited into the open cavity. 

5 2. It is believed that the charge, consisting of a reinf orce me n t phase dispersed in a 

matrix phase, should have the "ball in hand" consistency known to those skilled in the day 
art 

3. The mold sits upon a vibration table 304 in the same fashion as the aggregate 
production mold of Fig. 9. 
10 4. After charging the mold, vibration commences. Vibration serves to de-air the 

charge and begin reticulation of the aggregate. 

5* After the charge has been de-aired, die mold platen 306 is lowered and pressure 
is exerted on the charge while the vibrational frequency is increased and/or varied in 
application dependent patterns 
15 6. After some time, vibrational frequency is reduced; then after some more time, it 

is stopped altogether. 

7. Ram pressure 30S on the platen 306 is relieved, and d» casting is allowed to 

harden. 

Where volume fractions of reinforcement that exceed $5 to 90 percen t an 
20 concerned, h may be necessary to draw off or eliminate some of die matrix phase. This 
may be accomplished throughout the reticulation phase by allowing some of the matrix 
phase to bypass through the gap 310 between me platen 306 and the sidewalls 312 of the 

mold. 

As well, matrix material may be drawn out the cavity in controlled amounts 
25 through ports located on any and or all of the surfaces of the mold. 

In yet another aspect of this technology, a gg r ega te may be reticulated m an 
extrusion process wherein, following practice known to those skilled m the art, aggregate of 
reticulate geometry may be blended with matrix materials then pumped, or forced by 
rotating helical screw means or any other manner known through a deairing means if 

30 necessary to a chamber where a complex of vibrational energies would be applied to the 
matrix/aggiegate mix to begin the reticulation/green dmnficafton effort. In general the 
reticulation/green deiisifitation effort might be eff ec t ed by the following proc ess : I) during* 
or immediately after deairing, the matrix/aggregate mast, while moving toward the orifice 
of the extrusion device is subjected to vibrational energy (25Hz - 25KHz) in a mechanical 

35 form from single or multiple sources, 2) at a point more or less midway between the 

deairing means and the orifice of the extruder, additional energy in the form of ultrasound 
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from single or multiple sources (5KHz * 1 or more MgHz) would be applied, 3) oev the 
orifice, addition of high levels of mechanical andVor ultrasonic energy would be applied to 
complete the desired level of reticulation. 

In general, this means of applying additional energy to the extrusion of matrix 
5 aggregate materials may be applied through the walls of the extrusion device. Where the 
application of ultrasonic energy is co n ce r ne d this may be achieved by mounting transducers 
around the outside of that portion of the extruder downstream from the deairing means. It 
may also prove advisable to construct some or all of that portion of the extruder which is 
preferably downstream from the deairing means out of piezoelectric materials. In this way 
10 possible acoustic damping effects of the extruder body may be overcome. It is also possible 
to selectively mbricateanoVor line this portion of the extruder body with piezoelectric 
materials of di ffident resonant frequencies. 

Where mechanical energy is concerned, vibration means may be mounted at any 
point akmg that portion of the extruder preferably downstream from the deairing means. 

15 It may also prove advisable to selectively vibrate aspects of ts* ex 

du w usiieam from the deairing means by constructing said aspect of me extruder from 
discrete rigid components to be selectively vibrated by either mechanical, ultrasonic, 
electromagnetic or other means. 

This complex of mum^aase/frequency/ampttufe vibration subjects the moving 
mass of matrix and/or aggregate to a system of additional energy which results m a 
densification or reticulation of the aggregate mass. In so doing, individual aggregate begin 
to draw nearer to each other until that point when the discrete particles are more or less m 
co-planar contact with one another, m me present case (TetrajackX work with 3.125mm 
alumina specimens has demonstrated that even at high volume fractions (greater than 
80KVJ, packing hindrance b retarded as long as the system is being activated by the 
complex of vibrational energy. 

Prior work with the aggregate geometries under consideration has demonstrated that 
application of vibrational energy will cause the particles to move in a specific, controllable 
direction while the mass is reticulating or densifymg. This effect has been shown both with 
and without the matrix cortstitnent present 

A rotary casting device for die manufacture of small parts such as three- 
dimensional ry reticulate aggregate for advanced ceramic polymer or metallic applications is 
considered. The device, consisting of two or more counter rotating rollers indexed to e~004 
mm may be capable of continuous and high-speed production of nested 2-3 dimensional 
parts in a variety of media. 
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In vertical feed and delivery operations, a two-roller system is envisioned, 
horizontal feed and delivery applications, may utilize 3 rollers to produce 2 pressed part 
sheets; 4 rollers to produce 3 sheets, 5 to produce 4 and so on. 

The mold surfaces of the rollers are entirely dependent upon application demand* 
5 Specific application and tanning re<rutrements may utilize chemical vapor depo si t e d, 

(CVD), mold surfaces such as silicon carbide. It is believed that vibrational applications at 
the MOF in this rotary pressing concept may yield truly homogenous green bodies. 

The vibration sources may be adapted to provide mold-phase vibrational energy to 
the feed material fed into the pinch zone. The vibration source may be a mechanical, 

10 ultrasonic, electromagnetic, microwave or any other equivalent vibration source known to 
those skilled in the art As is explained in detail below, die vibration source is adapted to 
supply vibrational energy to the molding medium at the moment of formation (MOF), that 
is the dwell point in die molc^g/casting/nbrication operatioo when pressing pressure is at 
its peak. The vibration lource may supply broadfleld anoVor coherent waveforms. For 

15 example, die vibration source may include a plurality of ultrasonic transducers mounted 
inside die rollers. As well, single, line-oriented transducers may be employed in this 
capacity. The t raimhrrr s may also be mounted inside either one or both molding halves of 
a conventional book mold such as described in Fig. 9. 

Prior work has approximated homogen i zation of the mix using high intensity 
20 ultrasonics in feed material p i epaiati un only. Oneexampkof thb an b cited m Sonics^ 
Series, Application Notes from Heat Systems Uttraaonics, lnc^ 1938 New Highway, 
Farmmgdale NY. However, during mold filling, flow patterns are uwvoidabk due to 
particle segregation and the pourmg action itsei£ This leads to subtle density gradients at 
the forming stage. S ubs eque nt ly, during sintering, zones or regions within the body are 
25 separated by contour-like boundaries. On opposing sides of these contours, non- 
symmetrical and varying shrinkage typically occurs. Residual stresses therefore result 
When the threshold fracture stress is excee ded, cracks are formed within the body. 

Therefore, it is preferable to appfy additional energy to the body during the MOF. 
This additional energy may erase the flow linos and density gradients by redistributing and 
30 homogenizing die ingredients that compose the green body. 

In addition, a significant advantage gained by die use of vibrational applications, 
such as ultrasound, at the MOF would be the resultant reduction in viscosity of die charge, 
thereby allowing lower forming pressures to attain higher densities in the green body. 

A novelty of this application of vibrational energy at die MOF is believed to be in 
35 the met that h does something special during die moment of green body formation to 
minimize and perhaps eliminate green body defects. 
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The prior an has focused oa the powder preparation techniques and feed mixes as 
being critical to obtaining highest green density. Vibrational energy, on the other hand, 
utilizes the prior art to its maximum and extends the technology to the MOF in ways 
heretofore unknown. The uniqueness of the novel vibrational aspects of our process is that, 
5 among odier expected benefits; it offers for the first time techniques that would eliminate 
flow lines and density gradients during the formation of the green body as well as promote 
higher green density of the fabricated particle. 

The timing of this vibrational aspect in relation to the object being formed is 
believed to be critical In the case of die rotary press forming apparatus, it is believed that 

10 vibration (ultrasound in the present case, for alumina as well as many other chemistries for 
aggregate), would be broadly and continuously applied through the mold surface, at an area 
directly preceding (less than five rimes the aggregate thickness dimension), the MOF and 
beyond to a line about five times the aggregate thickness dimension past the MOF. In 
addition, the area immediately bounded by the MOF, where full mold closure, maximum 

1 5 forming pressure, and minimum viscosity of the feed material are to be expected, an 
additional and discreetly timed quanta of ultrasonic energy could be applied. 

Viscosity of the wed material is often a temperature- and time-dependent 
phenomenon. Hie applied stress is known to behave inverse to the temperature effect in the 
flow behavior of solids, liquids, and media containing both solids and liquid. Therefore, die 
20 application of vibration, which is in met a form of stress unposed both continuously and in 
some precise fashion for a short duration, is thought to increase the localized temperature 
thereby reducing the viscosity. 

The applied energies may be of at least two forms including: increased pressure 
during mold closure at the MOF and ultrasonic energy being applied broadly and 

25 continuously to the area immediately preceding the MOF, the MOF area itself and the area 
immediately following the MOF. The sources (m the present case) are: accumulating 
pressure resulting from the tolerance conditions of die rotary pressing process; ultrasonic 
transducers arrayed so as to affect the zone immediately preceding and following die MOF; 
and pulse-oriented ultrasonic transducers arrayed directly perpendicular to the closed cavity 

30 conditions at the MOF. This last, pulse oriented source of energy may be timed to begin 
just prior to full closure of the cavity and extend thtough the period of closure to end just 
as the cavity is Iwtgiuning to open. Exact timing d e pend s entirely upon application 
requirements, thickness dimension and impedance factors of die mold material, frequency 
and amplitude of the controlled burst, and rotational speed of the rotary forging/pressing 

35 operation as it pertains to the specific feed material and application. 

Plane unfocused, line, or point and cylindrical focused transducers known to those 
skilled in the art may be used. A coupling medium may be positioned between the 
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transducer and the mold. The medium may be a liquid or solid. In the preferred 
embodiment, the coupling medium is a solid material that is relatively ua i wparem to high 
frequencies ranging from I KHz t over 100 MHz, For certam applications, transducer 
mountings and boss sites (in the mold cavity arrays) may coincide. For other applications it 
5 may be advantageous to locate transducers directly over and/or under the central axis of the 
cavities. Still other applications may require broadfiekl vibrational energy. 

In many applications, it is thought desirable that the aggregates or parts be sintered 
or dfnrifted to a temperature higher than that to which the formed matrix will be Affnaced 
or cured, so that the second firing may have no appreciable effect on the aggregate m at eri al. 
10 In other applications, thermal expansion considerations indicate that the aggregates be only 
partially fired before use. The foraacmg of the formed matrix at a higher temperature then 
effects a further change in the aggregate. This latter technique can be used to control 
shrinkage of the aggregate vi+o-vis the matrix. 

The molded matrix may be fired in a furnace. It will be recognized that large 
15 scale sintered ceramic structures can be made by similar processes. Aggregates, which may 
be composed of pre-fired alumina, can be dispersed in a matrix of powdered alumina, 
molded and fired. 

As mentioned earlier, to break up or separate the aggjtgalr i, the sintered sheet 
may be fed between rollers having a nip zone formed therebetween. The rollers are 

20 designed to impart bending pl e asures onto the sintered sheet break up the sheet into ■ 
plurality of aggregates. The rollers may be made of metal, hard robber or tarethane. To 
remove sharp edges and flash, the a gg re ga tes may be tumbled m a tumbler to create a 
finished aggregate. It is apparent tint the aggregates niay beta 
separating the aggregates from the fabric in rollers. As well, it b apparent that debarring 

25 may be accomplished prior to sintering. 



ADDENDA 

The following text supplements and expands on some of the concepts addressed 

above. 

30 Many catalyzed chemical reactions require a catalyst to present a high surface area 

to the reagents. One way of achieving this is for the catalyst to be supported on aa inm 

support or "carrier," itself of high surface area. 

Supported catalysts are solid or heterogeneous catalysts in which relativeiy small 

amounts of catalytically active tpfy*. frequently metals, are deposited on the surface of 
35 largely inert, porous, shaped siipport bodies, such as pellets, rings, cylindrical and tobed 

extrudatea, and granules, which are somctimrs referred to as carriers. Moat materials used 
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in catalyst sup p orts are comprised of single- or mixed-metal oxides, such as alumina, silica, 
magnesia, titania, zxreonia, and alummosilicates. However, in some cases, the carrier itself 
can be made from a cataryticaUy active species. 

It is difficult to generalize in any way about the process of chemical catalysis, 
5 since each specific reaction requires a set of specific conditions including the chemistries of 
the catalytic agent and carrier, porosity, pore size and distribution within die carrier, ideal 
reaction temperature, pressure drop, space velocity and both the geometric or planar surmce 
area of die carrier as well as die actual working surface of die carrier available lor 
impregnation by die catalytic agent 

10 A key problem in the area of carrier design has been die development of specific 

shapes that have high geometric or planar surface-to-volume ratios. This property is of 
paramount importance to catalyst performance because in general catalyst activity increases 
as the surmce area of the catalyst increases. 

The primary determinant of catalyst surface area is the support surmce area, except 
15 in die case of certain catalysts where extremely fine dispersions of active material are 
obtained As a rule, catalysts intended for catalytic conversions utilizing hydrogen, e.g^ 
hydrogcnatiofi, Irydrodetulptronzation, and hydrodenitrogenation, can utilrfft high mrfacft 
area supports, whereas those attended for selective oxidation, eg. olefin epoxidatJon, require 
low surface area supports to avoid troublesome side reactions. 

The primary determinant of support surface area is the geometric or planar surmce 
area of the carrier shape. As previously noted, many shapes and manufacturing processes 
for these shapes have been developed. In general, catalyst carrier pr ep arati on usually 
follows a Deleting, extrusion or pelletizmg process. The carrier b then unpregnated with 
the catalyst dissolved in a solvent, usually water. However, the details of most 
manufacturing methods for industrial catalyst carriers as well as die catalysts themselves are 
closely held secrets. 

What is known about support or carrier design technology b 
planar surface area of the design is a key component In addition, many reactions require 
die shape to be inberendy strong, since reactor loading can involve bed depths lequhing 
drops of forty feet during fast loading procedures. In addition, rapid reactor 
depressurization can induce stresses which can damage inadequately designed or 
Dianufactured carriers, 

A catalyst manufactured using a shaped support assumes the same general size and 
shape of the support This is an important consideration in die process design, as these 
properties determine pecking density and the pressure drop across the reactor. Depending 
on the nature of the main reaction and any side reactions, the contact time of the reactants 
and products with the catalyst must be optimized for maximum overall efficiency. Since 
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this is frequently accomplished by altering flow rates, described in terms of space velocity, 
the size and thane of the catalyst must be selected carefully to allow operation within the 
capabilities of the haidwai e. 

The geometries disclosed herein offer a wide range of solid, architecturally sound 
5 shapes with high surface to volume ratios. Consider particularly the Tetrajack. Dependi ng 
on designed surface characteristics, exactness and detail of geometry, and additional energy 
(vibration) applied to the bed owing loading and/or operation of the reactor, the Volume 
Fraction (V/) of carrier in the packed bed can be adjusted from <40% to near 93% 
(theoretical in the case of the Tetrajack). 

10 

Tetrajack Media/Sphere SorCaee to Volume (S/V) 
Comparisons and Specifications 



Conditions: 

15 (1) Sphere - @ 65% V^ (conventional Volume Fraction at Tap 

Density tor a packed bed of same-sized spheres) 
(2) Tetrajack™ Media - @ 65% V^ for same-sized media of moderate 
quality 
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This degree of flexibility in V/ for a single shape is only part of the novelty of the 
carrier/aggregate geometries disclosed herein. In terms of surface-to-volume ratio (S/V), the 
Tetrajack represents a significant advance in the development of architecturally sound 
(strong) shapes with high S/V ratios. This solid form, when compared whh the sphere on a 
5 basis of equivalent diameter, is clearly superior. 

Other solid, equilateral, geometries exhibiting high S/V ratios are solid cylinders, 
tetrahedrons, and cubes. As the S/V ratio of any particular geometry changes as a function 
of its diameter it may be helpful to compare these forms. As a rule, the smaller the 
diameter of a geometry, the higher with be its S/V ratio. For expository purposes, a 

10 diameter of .625" is used 

At 0.625", a sphere has 1.227 in 2 of surmce and 0.127S in 1 of volume. Dividing 
the surface by the volume a ratio of 9.6*1 to derived. That is, for a sphere of .625" 
diameter, there are 9.6 units of volume per unit of surface. A cube of .625" width (within 
which a .625" diameter sphere may be exactly placed) has, at 9.606* 1, very nearly exactly 

15 the same S/V ratio. For a cylinder of .625* diameter and .625" m heiglrt, me S/V rarm ia 
9.583*1. For equilateral tetrahedrons, die simplest geometry to enclose space, the ratio, at 
23.5*1, is much higher. 

It would seem then, that the tetrahedron would be the geometry of choice for a 
catalyst carrier when a high S/V ratio was important. In practice however, the tetrahedron, 
20 which is theoretically capable of packing to near 100% V/, has the tendency to order itself 
in extremely tight arrays, rapidly accelerating pressure drop thereby . The matrix space of a 
highly ordered amy of doae-packedtrArahedrons is also characterized by a complex of 
system-wide two^imiensional planes with drastic con sequences for both efficient diffusion 
in catalytic reactors as well as crack propagation resistance in composites. 

25 A 0.625" diameter Tetrajack has a S/V ratio of 21.4*1 which is 233 times higher 

than an equivalent diameter sphere. In addition, the Tetrajack, although entirely compowd 
of tetrahedrons, exhibits utterly different packing characteristics than single tetrahedrons. 
The concave planar surface features of the Tetrajack geometry would seem to promote low 
bulk density and/or hindered packing. In met, quite the opposite is true. For .130" 

30 diameter TeOajacks of moderate quality, that is ±5% part-to-part uniformity, loose bulk 
density has been measured at 58% V/ and Tap Density at 265% V/. 

Further, pocking studies whh .130" alumina Tetrajack prototypes indicates that, 
with the aid of additional energy in unK bi, and tri-modal forma from: 1) a conventional 
"shaker table* as Is in common use in castable refractory prorcmmg. 2) a V axis fixed 
35 magnet electro-mechanical vibration source, or 3) high-power ultrasound, die V/ of 

Tetrajacks can be raised to 2*5% V/. Indeed, these studies have indicated that the only 
factors limiting the ability of the Tetrajack to pack to its theoretical limit of 93% V/ are: 
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1) the amount and type of additional energy applied, 2) the part-to-part uniformity of the 
Tetrajack grain, and 3) solid geometry finish details - in particular, the degree of radius or 
•flats" on the edges of the exposed tetrahedral appendages of the Tctrajack grain. 

More importantly however, for catalytic reactors, filters, heat transfer vessels, as 

5 well as composite structures, the matrix space separating Tetrajack grains in a packed bed is 
a highly complex environment. For reactors, filters, and heat transfer vessels, this indicates 
a high degree and certainty of Affusion of the feedstock. For composites, the matrix space 
in a packed array of Tetrajack grain becomes highly tortuous, forcing crack propagation into 
a true, three-dimensional envuutuncrjt 

0 Packing studies in simulated, small-scale reactor environments have dem on strated 

that the Tetrajack carrier can overcome a fundamental problem encountered in sphere-based 
carrier systems: namely, the tendency of spnere-hased systems to provide a "path of least 
resistance" along the sidewail of the reactor thereby inducing at least locally significant 
radial flow in axial reactor systems. This is less of a problem in reactors of large diameter. 

5 However, in tubular reactors, the problem of least resistance" on the sidewail, is 

significant. The Tetrajack carrier has a tendency to take a preferred orientation at the 

siofcwall which creates a patocf 

the mam body of the reactor and increasmg diffusion. 

to general, ft is anticipated 
0 geometry will have the most impact in the catalysis industry though it is expected mat the 
high volume traction and S/V features of the Starjack, Tetratwin, and Retkokm with find 
their particular uses as well. 

In particulate Retted 
same time providing a threenlimensional matrix erjvironment for diffusion of feedstock and 

5 onckpam tortuosity p« 
filters and fuel cells. 

To achieve 100% V/ with the Reticulon, an exact proportion schednle must be 
followed As noted earlier, this form is based on a column of octagonal cross section. The 
thickness or height dimension of the base column desirably equals the side length of the 

0 octagon, thus providing eight column faces of exactly square proportion. Four pyramids are 
then mounted on alternating faces of the base column. The pyramid height is desirably 
0.50H the height or tfiickness dtaension of the base column. Two truncated tapered 
columns are then mounted on opposing ends of the base column so that at die distal point 
of tronrtt w n, ft «pim of dimensions co^ml to that of the faces of the base column is 

15 formed by the adjoining faces of the tapered column. Pyramids of dimensions equal to 
those mounted on the base cohmm are then mounted on cor res po n di ng distal ends of the 
opposing tapered columns at the points of truncation of the tapered c olumn*. 
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As can be seen in Fig. 25A. which illustrates the particular embodiment of the 
Reticulon capable of 100% V/, each tapered column is composed of four primary sides 
though, coincident with the plane on which the tapered column is mounted to the base 
octagonal column, the base the tapered column is actually octagonal in nature. As can be 
5 seen in Fig. 25 A, a radially symmetrical flat plane is formed by the coinciding faces of: 1) 
a race of the octagonal base column not mounted by a pyramid, 2) adjoining faces of the 
nearest two pyramids mounted on alternating faces of the base column, and 3) triangular 
planes equal in proportion and dimension to the side face planes of the pyramids. 

Essentially, as seen in Fig. 25 A, at the proximal end of the tapered "four-sided" 
10 column, a portion of the four-sided tapered column geometry exactly equal to one-half of 
the previously described pyramids 1 proportions and dimensions (as bisected through the 
apex on a diagonal plane perpendicular to the base plane) is "removed." 

As can be seen in Fig. 26A and B, Fig. 27 A and B, and Fig. 28 A and B, several 
variations of this geometry may be affected so as to modify both the potential V/ as well as 
15 the packing performance of the Reticulon. Further modifications may include radii or 
"flats" on the edges of the Reticulon geometry as well as fillets in the coiners or concave 
angle regions formed by the intersection of the tapered column sides and the sides of the 
pyramids mounted on the base column. 

Carrier ancVor support geometries proprietary to vendors in the field include the 
20 Enhanced Wheel supplied by UCI of Louisville, ICY, and the Starcat supplied by Englehard 
of Iselin, NJ. Many other shapes are also employed including "saddles," boilow cylinders 
or "Raschig rings," and tri~, or quadri-lobed cylinders. 

For purposes of comparison, the S/V ratios of several of these state of the art 
shapes follow. As before, a diameter of 0.625" wis used. 

25 I) Raschig Ring - 13.9*1 

2) Enhanced Wheel - 17.7*1 

3) Starcat- 21-1 

4) Tetrajack- 21.4*1 

(The Starcat is an extruded shape with a cross section resembling a five-pointed 
30 star. Unlike the Tetrajack, which is architecturally sound, the Starcat and many other 
extruded high S/V ratio shapes such as tri- and quaori-lobed "cloverieaf supports have a 
long axis parallel to the direction of extrusion. This long axis may be exposed to tensile 
stress in the reactor. When fracture occurs, surfaces bare of catalytic materials are exposed 
and fines are produced which can clog the system and/or poison the reaction.) 

35 From trie foregoing, it should be apparent that the geometries disclosed herein offer 

a number of structural and S/V advantages over prior art aggregate/carrier geometries. 
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Having described the principles f the technology with reference to several 
preferred embodiments, it will be apparent that the technology can be modified in 
arrangement and detail without departing from such principle* For example, while the 
technology has been illustrated with reference to the use of reticulate aggregates in 

5 refractory (ceramic) materials, it will be recognized that such aggregates can be 

advantageously used in a variety of other matrices, including rubber, resin, cement, metallic, 
etc. Similarly, while the technology has been illustrated with reference to selected reticulate 
aggregate terms, it will bo recognised that a variety of other such aggregate farms can 
readily be devised. Still farther, while the preferred fabrication processes have been 

1 0 disclosed as utilizing vibrational energy, other such processes can be implemented without 
the application of such energy. 

It will also be recognized that very large structures may be assembled from discrete 
clay, ceramic metallic, organic, polymeric or other components joined by cast organic or 
inorganic polymeric, resinous, ceramic, metallic or cement media employing the inter- 

15 structurally superior mechanics of the reticulated aggregate and/or matrix/aggregate systems 
of the present technology. 

In view of the many possible cmbodhn cats to which the principles of the disclosed 
technology may be put, it should be recognised that the detailed embodiments are 
iUustrarJve oofy and should not be taken as limning the scope of the urvention. Rather, the 

20 invention should be construed to encompass all such embodiments as may come within the 
scope and spirit of the following claims and equivalents thereto. 
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1 CLAIM; 

1. An article (41) composed f a generally rigid material and characterized by two 
truncated obelisks extending from first and second opposing faces of an octagonal column, 

5 with five-sided pyramids of equal size and proportion extending from distal cods of said 
truncated obelisks, said article being useful in conjunction with other like articles to define 
an article amy having interstitial gaps therein, wherein said gaps may receive a fluid, as in 
a fluid bed reactor or a catalytic bed. or may be filled with a structural matrix, as in a 
reinforced structural composite. 

10 

2. The article of claim 1 which further includes five-sided pyramids of equal size 
and proportion mttadipg from third, fourth, fifth and sixth tees of said octagonal column, 
each of said faces adjoining one of said first or second tees. 

15 3. The article of claim 1 having 21 facets. 

4. The article of claim 1 characterized by packing with other such articles to a 
packing density of at least 85%. 

20 5. The article of claim 1 characterized by packing with other such articles to a 

packing density of at least 95%. 

6. The article of claim 1 characterized by packing with other such articles to a 
packing density of at least 98% 

25 

7. The article of claim 1 characterized by packing with other such articles to a 
packing density of 100% 

8. A structure including a plurality of aggregate articles according to claim 1 
30 disposed in a matrix raateriaL 

9. A graded fraction structure according to claim 8 to whkh said matrix material 
includes a plurality of reinforcements disposed therein, said reinforcements having a size 
substantially smaller man said ag g re ga t e articles, said reinforcements being characterized by 
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man than six face* of identical size and shape, and by mem ben extending outwardly in 
three dimensions, said reinforcements including a plurality of faces, at least of pair of which 
intersect to bound a concave region, the reinforcements including plurality of such concave 
regions. 

5 

10. A catalytic bed including a plurality of catalyst structures according to claim 

I. 

11. A graded faction catalytic bed according to claim 10 which further includes a 
10 plurality of catalyst articles therein, said catalyst articles having a size s u bs ta nti a l ly smaller 

than said catalyst stroctures, said articles being characterized by more than six faces of 
identical size and shape, and by members extending outwardly in three dimensions, said 
articles including a plurality of aces, at least of pair of which intersect to bound a concave 
region, the articles including plurality of such concave regions. 
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